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ZUSAMMENFASSUNGEN

Hintergrund: Die Privalenz von Ubergewicht und Adipositas nimmt weltweit zu. Ubergewicht und
Adipositas sind mit einer Beeintrachtigung der Endothelfunktion assoziiert und diese beginnt bereits
in einer sehr frithen Phase der Adipositas und trégt zu der hohen Morbiditits- und Mortalitétsrate bei
Adipositas bei. Zirkulierende Biomarker einer beeintrichtigten Endothelfunktion sind jedoch noch
nicht vollsténdig bekannt. Das Cytokin Angiopoietin-2 spielt im Angiopoietin/Tie-Signalweg eine
Rolle beim Uberleben von Endothelzellen, und es Evidenz dafiir, dass Ang-2 eine Beeintrichtigung
der Endothelzellen induzieren konnte. Zudem ist bekannt, das Angiopoietin mit dem Koérpergewicht
korreliert ist. Daher konnte zirkulierendes Angiopoietin-2 das Verstdndnis adipositasbedingter
Gefallschdden von Bedeutung sein Es gibt jedoch nur wenige Studien zum zirkulierenden

Angiopoietin-2 bei Adipositas und den damit verbundenen Risikofaktoren beim Menschen.

Methoden: Diese Arbeit bestand aus zwei Teilen. Zundchst wurde eine systematische
Literaturrecherche zu Angiopoietin-2 bei Adipositas durchgefiihrt. Anschliessend wurde auf Basis
vorab durchgefiihrter Studien der Arbeitsgruppe Angiopoietin-2 im Plasma unter vier
Gesichtspunkten untersucht: 1) ob Angiopoietin-2 bei gesunden Méannern eine zirkadiane Rhythmik
aufweist; 2) ob Angiopoietin- durch eine fettreiche Diédt liber 24 Stunden ansteigt; 3) ob
Angiopoietin-2 durch ein Nacht mit Schlafrestriktion auf 4 Stunden ansteigt; 4) ob Angiopoietin-2

nach 1 jéhriger Therapie der obstruktiven Schlafapnoe abnimmt.

Ergebnisse: In der narrativen Ubersichtsarbeit haben wir gezeigt, dass Angiopoietin-2 im Blut nur
schwach und im subkutanen Fettgewebe stérker als in anderen Stoffwechselorganen von Méusen und
Menschen exprimiert wird. Es wurde festgestellt, dass Angiopoietin-2 durch das Kérpergewicht, das
Alter und verschiedene Zytokine erhoht wird. Eine anhaltend hohe Angiopoietin-2-Konzentration
verschlechtert die endotheliale Entziindung und beeintriachtigt die GefaBbildungskapazitit und -
funktionen in Organen. Angiopoietin-2 ist jedoch fiir die Lipidakkumulation in Fettgeweben
notwendig. Dariiber hinaus wurden erhohte Angiopoietin-2-Spiegel bei Fettleibigkeit und
verschiedenen mit Fettleibigkeit zusammenhéngenden Krankheiten beim Menschen festgestellt, und
die erhdhten Angiopoietin-2-Spiegel wurden mit einer schlechten Prognose bei einer Vielzahl dieser
Krankheiten in Verbindung gebracht. In Studien am Menschen fanden wir Folgendes heraus: i) Bei
gesunden jungen Méannern ist keiner diurnaler Rhythmus von Angiopoietin-2 im Plasma festzustellen.
ii) Fine eintdgige fettreiche Didt wirkte sich im Vergleich zu einer Kontrolldiét bei gesunden jungen
Mainnern nicht auf den Angiopoietin-2-Plasmaspiegel aus. iii) Eine Nacht Schlafrestriktion bei
gesunden jungen Ménnern konnte den Angiopoietin-2-Plasmaspiegel im Vergleich zu regelmaBigem
Schlaf nicht verdndern. iv) Nach einer 12-monatigen Behandlung der obstruktiven Schlafapnoe

verdnderte sich der Angiopoietin-2-Plasmaspiegel der Personen nicht.



Diskussion: Die in dieser Arbeit erbrachten Nachweise werden zu einem besseren Verstéindnis der
Rolle von Angiopoietin-2 bei Adipositas und des Musters von Angiopoietin-2 im Blut bei
verschiedenen mit Adipositas verbundenen Risikofaktoren beitragen. Die Ergebnisse gehen jedoch
weit auseinander. In unseren experimentellen Studien stellten wir fest, dass der Angiopoietin-2-
Spiegel im Blut sich nicht verénderten. Um die Rolle von Angiopoietin bei fettleibigkeitsbedingten
Krankheiten weiter zu erforschen, sind jedoch Humanstudien mit léngerfristiger Intervention und

mehr Teilnehmern erforderlich.
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INTRODUCTION 1

1 INTRODUCTION

1.1 General outline of the thesis

Obesity has undoubtedly become a worldwide epidemic and increased the total number of deaths
dramatically [1]. Lifestyle in our 24h societies such as unhealthy eating habits and short or disrupted
sleep are associated with obesity which is closely related to many metabolic diseases such as type 2
diabetes (T2D), cardiovascular diseases, or obstructive sleep apnea (OSA) syndrome. This cluster of
metabolic disorders triggers endothelial vascular damage [2]. In turn, these endothelial impairment-
related diseases contributed to the major mortalities in obesity [2]. Notably, the impaired endothelial
function can be present in a very early phase of the progress of obesity [3]. Thus, an early prediction
of endothelial impairment becomes essential, as a target to prevent or postpone obesity-related
metabolic diseases [3]. However, the circulating biomarkers related to vascular wall biology have

not yet been fully studied [4].

The core cytokine Angiopoietin-2 (Ang-2) in the Angiopoietin/Tie pathway has been shown to play
a role in endothelial cells survival [5,6]. It was found that Ang-2 could induce endothelial cells
impairment, which is achieved by evoking the pathological angiogenic in cancer [7,8] and sensitizing
the inflammatory response [6,9,10]. Likewise, in obesity, adipose tissue (AT) angiogenesis is
regulated by the same mechanism as tumor neovascularization [11,12], and systemic inflammation
consists of one of the main pathologic mechanisms in obesity [13]. As a neoplastic and inflammatory-

related molecule, Ang-2 may have been involved in the process of obesity.

Based on previous research, some evidence has indicated a close association between Ang-2 and
obesity. Ang-2 was found to express the highest in AT in comparison to other metabolic organs such
as liver and muscle [14—17]. The AT expression and blood levels of Ang-2 increased in humans with
obesity [17-21], and the increased Ang-2 was associated with AT pathological angiogenesis and
metabolic status [17]. In addition, in several obesity-related metabolic diseases, circulating Ang-2
increased and was associated with vascular impairment, such as cardiovascular diseases [22-26],
metabolic syndrome (MetS) [27], as well as diabetes in humans [28—30]. Thus, there is evidence for

a link between Ang-2, obesity, and obesity-related metabolic disorders.

In the context of obese related risk factors, animal and in vitro studies had shed light on the
association between Ang-2 and obesity related risk factors such as high fat intake, sleep loss, and
hypoxia states. Animal studies had shown that high fat diet (HFD) upregulated Ang-2 expression in
AT of wild-type mice [16]. It has been found that hyperinsulinemia can increase Ang-2 expression
to elicit endothelial inflammation in vitro [31]. In addition, circulating Ang-2 in patients with
hyperinsulinemia has increased compared with normal-insulinemic subjects [31]. This is of relevance

1
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since it has been shown that short sleep loss reduces insulin sensitivity in healthy men [32]. Thus, an
indirect association between short sleep and increased Ang-2 can be hypothesized. Furthermore,

Ang-2 was found up-regulated in response to hypoxia in the isolated mesangial cells [33].

Overall, studies pointed out the link between Ang-2 and the progress of obesity. However, data on
Ang-2 metabolic regulation and its association to obesity-related metabolic dysfunctions in humans
are scarce to date. Besides, it is currently lack of a review related to Ang-2 and obesity and AT so
far. Therefore, the project aims to attempt to explore the association between Ang-2 and obese-

related human metabolic homeostasis.

This doctoral thesis consisted of two parts. Firstly, the first narrative review mainly focusing on the
association between Ang-2 and obesity was carried out. Based on the narrative review, studies of
Ang-2 in the context of obesity have been performed in order to answer unsolved questions: 1)
whether circulating Ang-2 has a circadian rhythmicity in healthy men; ii) whether blood Ang-2 can
be impacted by short HFD; iii) whether blood Ang-2 is altered by short sleep deprivation; iv) whether
blood levels of Ang-2 could be decreased by OSA management.

To answer these questions, Ang-2 blood levels under the aforementioned four approaches based on
studies previously were taken. To this end, evidence provided in this thesis will help to a better
understanding of the association between Ang-2 and obesity, and the pattern of blood levels of Ang-

2 in the context of obese related risk factors.

From our data, we found the short higher fat intake, sleep loss and 50 % of OSA improvement are
not strong enough to trigger the changes of circulating Ang-2. For this, we might not be able to
answer whether there is a link between Ang-2 and endothelial cell impairment in these obesity risk
factors. However, in our review, several in vitro and animal evidence has raised a link between Ang-
2 and obese related risk factors via endothelial cells impairment. Thus, further human studies still
need for a longer intervention including females, older age, with and without metabolic disorders, in
which to explore the correlation and mechanisms between Ang-2 and obese related risk factors in

humans.
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1.2 Angiopoietin-2— One of the core cytokines in regulating endothelial cells survival

The vascular endothelium consists of a single layer of endothelial cells covering the luminal side of
blood vessels, which forms an essential barrier to control the passage of plasma and cells from the
bloodstream into the underlying tissues [34]. Healthy angiogenesis requires a balance between pro-
angiogenic and anti-angiogenic molecules. Imbalanced angiogenic molecule expression breaks the
quiescence of endothelial cells status, which results in inadequate blood vessel formation [35]. It has
been shown that except for the female reproductive organs, e.g., ovary, placenta, and uterus, the
angiogenesis induced by microenvironmental factors were almost exclusively associated with
pathology, e.g. hypoxia or inflammation [36]. In line with this, a broad array of diseases that are
associated with the activation of endothelial cells is as diverse as cancer, inflammatory and infections,
heart diseases, as well as diabetes and obesity [37]. However, studies in the prediction of endothelial
cells status are scarce. Ang-2 as one of the core componence of the Angiopoietin/Tie pathway has
been shown to play a role in endothelial cells survival [5,6]. Ang-2 might be a link to diseases that

are associated with endothelial cells impairment.

1.2.1 Angiopoietin/Tie pathway

The Angiopoietin/Tie pathway was discovered in the 1990s and is one of the main systems regulating
vascular function other than the vascular endothelial growth factor (VEGF) /VEGF-receptor system
[38,39]. The ligands Angiopoietin-1 (Ang-1), Ang-2, and the endothelial cells-specific tyrosine
kinase-2 (Tie-2) receptor are the core components of the Angiopoietin/Tie pathway [40]. Both
ligands Ang-1 and Ang-2 are ~75-kD secreted proteins with a similar molecular structure which
share about 60% amino acid homology with each other [38]. It has been shown that the balance of
the Angiopoietin/Tie system is essential for normal vascular development in adult mice and humans
[40]. The homeostasis of the Angiopoietin/Tie system appears to promote endothelial cells’ survival

and vascular assembly, stability, and maturation [5,6] (Figure 1).
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Figure 1. Scheme of the endothelial Angiopoietin/Tie-2 system highlighting fundamental signaling
pathways. nuclear factor kB cell (NF-kB); phosphatidyl-inositol 3-kinase (PI3K)/Akt Pathway; IQ
motif-containing GTPase activating protein 1 (IQGAP1); vascular endothelial (VE). Alexander

Lukasz, et al. 2012, is licensed under Creative Commons Attribution 3.0 Genetic License. The terms

“Angiopoietin-1" and “Angiopoietin-2” were modified from their abbreviation to full name from the

original.

1.2.2  Expression of Angiopoietin-2

Regarding the expression of the ligands, Ang-1 is continuously secreted from pericyte and vascular
smooth muscle cells and is widely expressed, although in small amounts, in the heart and liver [41].
By contrast, Ang- 2 is expressed slightly by the resting endothelium and is almost exclusively
expressed by endothelial cells [42]. Besides, Ang-2 is pre-stored in Weibel-Palade bodies of
endothelial cells but can be released rapidly in response to external stimuli [43]. Thus, compared to
the continuously widely expressed Ang-1, Ang-2 as the endothelial-specific expressed factor might

be a better predictor of endothelial cells impairments.

1.2.3  Function of Angiopoietin-2

Functionally, ligand Ang-1 could bind directly to Tie-2 and induce rapid activity (phosphorylation)
of Tie-2 in endothelial cells [41]. Ang-1-mediated Tie-2 activation induces anti-apoptotic, anti-
inflammatory, and anti-permeability effects [38,40]. Thus, Ang-1 contributes to maintaining the
quiescent status of the endothelium [44]. The absence of Ang-1 or Tie-2 causes severe vascular

abnormalities in the developing mouse embryo [38] (Figure 1).

Ang- 2 was found strongly upregulated following endothelial activation [6]. Ang-2 was initially
4
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described as an antagonist to Tie-2 [38,40]. Compared to Ang-1, Ang-2 has a similar binding affinity
to Tie-2 [45]. By competitive inhibiting the Ang-1-Tie-2 signaling, Ang-2 leads to endothelial cells
inflammation, apoptosis, and permeability [38]. Subsequently, Ang-2 was found could be either
antagonist or agonist to Tie-2 depending on the conditions [6,46]. Ang-2 could stimulate
angiogenesis (i.e. tumor) in combining with VEGF, or the activity of Ang-2 promotes the
inflammation by upregulating the response of endothelial cells to tumor necrosis factor-alpha (TNF-

o) [47] (Figure 2), which will be introduced further in the following subsections.

 Jestind

Figure 2. The functions of Angiopoietin-2. Ang-1, Angiopoietin-1; Ang-2, Angiopoietin-2; TNF-a,
tumor necrosis factor-alpha; VEGF, vascular endothelial growth factor. (Reproduced with

permission from Beat A Imhof et al, 2006 [47])

1.2.3.1 Angiopoietin-2 involves in pathological angiogenesis in tumors

Pathological angiogenesis plays an important role in the onset and progression of malignant tumors
[48]. Overexpressed Ang-2 is broadly observed in tumor-induced angiogenesis and metastasis, which
provides strong evidence for cooperation between VEGF and Ang-2 in the angiogenic switch from
the avascular to the vascular phase in cancer [7]. Through blocking Ang-1, Ang-2 activates blood
vessels that reverts the vessels into a more plastic state, which allows the endothelial cells to have a
higher responsiveness to the sprouting signal provided by VEGF [49]. In addition, hypoxia is a
further common cause of many malignant tumors. Ang-2 was observed to be highly expressed in

necrotic and hypoxic regions in human malignant glioma tissues [8].
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1.2.3.2  Angiopoietin-2 involves in the pro-inflammatory states

In addition to its role in angiogenesis, Ang-2 has been shown to act as an important pro-inflammatory
factor [9]. It has been known that the inflammatory response occurs in a highly regulated manner
[50]. The pathogen that enters the body induces the secretion of cytokines and chemokines, which
can activate neighboring endothelial cells and attracts leukocytes. Leukocytes then extravasate from
the blood into the tissue by leukocyte rolling, activation, firm adhesion [50]. TNF-a is one of the
inflammatory cytokines, which prompt the upregulation of the adhesion molecules in endothelial
cells. These upregulated adhesion molecules promote leukocytes’ adhesion and extravasation. Ang-
2 was able to sensitize endothelial cells to inflammatory stimuli by upregulating the TNF-a-induced
monocyte adhesion in mice [9]. In turn, Ang-2-deficient mice cannot elicit an acute inflammatory
response in the peritonitis mice model as a result of impairing the ability of cytokine-inducible
adhesion molecule expression on the surface of their luminal cells after inflammatory activation [9].
Besides, a positive association has been observed between Ang-2 and several inflammatory factors
such as high-sensitive C-reactive protein and white blood cells count in humans [10]. Further,
increased Ang-2 levels are reported in pneumonia, sepsis [6], and several autoimmune diseases such

as patients with lupus [51] and rheumatoid arthritis [52,53].

Tumors are an illustration of the concept that angiogenesis inhibition can serve as an effective
complementary tool to limit tissue expansion [54]. Likewise, in obesity, AT angiogenesis is regulated
by the same mechanism as tumor neovascularization, such as the VEGF-dependent pathway [11,12].
It is known that systemic inflammation consists of one of the main pathologic mechanisms in obesity
[13]. As a neoplastic and inflammatory-related endothelial-specific stimulated molecular, Ang-2 is

highly possible had involved in the progress of obesity.
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1.3  Angiopoietin-2 involves in the progress of obesity

Ang-2 was found to be expressed higher in AT than other metabolic organs [14—17]. Ang-2 is not
only to be increased in humans with obesity [17-21], but also involves in the AT pathological

angiogenesis and metabolic status [17] as well as leptin release [14,55].

1.3.1 Obesity—A pandemic disease with endothelial impairments

AT could be broadly classified into two distinct categories: white adipose tissue (WAT) and brown
adipose tissue (BAT) [56]. Obesity is a chronic disease in which a positive energy balance over a
long term leads to an excessive accumulation, dysfunction, and remodeling of WAT [57]. Based on
WHO definition, a body mass index (BMI) over 30.0 kg/m* is considered as obesity [57]. The
worldwide prevalence of obesity nearly tripled between 1975 and 2016 [57]. In 2016, more than 1.9
billion adults over the age of 18 were overweight, i.e. BMI between 25.0 and 29.9 kg/m? and more
than 650 million (13%) of the world’s adult population were obese [57]. Likewise, the epidemic of
obesity is quite prominent in Germany where 20 million people are obese, and over half of adults are
overweight [58]. A different distribution may be diverse by race and region, but no sign of any

country or region worldwide shows a downward trend in the prevalence of obesity [59].

It has been known that obesity has a close association with total deaths and disability-adjusted
lifespans [1], such as the increase in vascular mortality, diabetes-related mortality, and neoplastic
mortality [2]. Further, rates of musculoskeletal disease such as osteoarthritis, Alzheimer’s disease,
and depression can be increased by obesity. These diseases require long-term treatment and frequent
medical care, which can induce unemployment, lower productivity, and social disadvantages, thereby
contributing to a decline in life expectancy [59,60], and quality of life [61]. In this scenario,

improving strategies for the prevention of obesity has become crucial.

In AT depots, the vascular circulatory system is essential to provide nutrition and oxygen [62].
Besides, blood vessels also transport growth factors, cytokines, and hormones between AT and other
organs to maintain the homeostasis of AT microenvironment [63]. In healthy AT, the size of lipid
droplets expands in adipocytes to store lipids when nutrients intake increases, and as lipid droplets
size expands, the utilization of oxygen decreases. This mild hypoxic state can induce angiogenesis
and extracellular matrix remodeling to reduce hypoxia [64]. In obesity, AT depots rapid and
prolonged expansion [64]. The point when fat accumulation exceeds the tissue’s angiogenic capacity
leads to persistent hypoxia, fibrosis, cells aging, and necrotizing adipocyte death [64]. During AT
structure reshaping, its function is altered leading to the imbalanced secretion of pro-inflammation
factors, likely promoting systemic low-grade inflammation, i.e., macrophage infiltration and

cytokines production [13]. Thus, inadequate vascular expansion in AT with systemic low-grade

7
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inflammation consists of the basic pathologic mechanism in obesity [13]. These pathologic states
ultimately lead to unhealthy AT tissue expansion, which contributes to the main cause of systemic

metabolic disorders in obesity [64].

Vascular mortality is one of the main poor prognoses in obesity [2], such as MetS, cardiovascular
diseases, T2D [65,66]. Each of these diseases is precipitated by the dysfunction in the vascular
endothelial cells including vasodilating reduction and pro-inflammation [67]. Thus, the measurement

of endothelial impairment is necessary to predict obesity-related metabolic diseases.

Given the diversity in function and heterogeneity of the endothelium, measurement of endothelial
function is challenging [68]. For the assessment of pre-clinical diseases, an ideal technique should
be non-invasive, accurate, reproducible, low cost, and easily to perform [69]. Some techniques that
fulfill most of the criteria are close to being considered a clinical surrogate endpoint such as carotid
ultrasonography, ankle-brachial index, and carotid-femoral pulse wave velocity [68]. However,
reliable skilled operators are required for consistent and accurate results. New efficient methods for
the diagnosis of endothelial impairment in humans would be an urgent need to reduce the burden of
obesity worldwide. Notably, circulating biomarkers related to vascular wall biology could be easier
measured, wider available, and methodological standardized has not yet been fully studied [4]. C-
reactive protein is currently the only confirmed circulating biomarker related to vascular wall biology
[4]. But the elevated C-reactive protein levels lack specificity for vascular damage [4]. It was found
that blood Ang-2 was positively associated with high-sensitive C-reactive protein [10]. Thus, it can
be speculated that Ang-2 as the endothelial-specific expressed factor [42] might be a proper predictor

of endothelial cells impairment.

1.3.2 Angiopoietin-2 in adipose tissues, circulations under physiological conditions

In human adults, unlike the low expression in the metabolic organs such as liver, muscle, Ang-2 was
found expressed highest in AT, except for the female reproductive organs [16]. The relatively high
expressed Ang-2 in AT might be due to its continuous plastic character which needs more
neovascularization [70]. Among AT depots, the Ang-2 expression is higher in subcutaneous adipose

tissue (SAT) than visceral adipose tissue (VAT) and BAT [16].
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1.3.3 Angiopoietin-2 increases in adipose tissues and circulations under obesity

In obese patients, Ang-2 in SAT is overexpressed [17]. Besides, the Ang-2 expression in SAT was
found positively associated with fasting insulin concentrations [17]. In turn, the overexpressed Ang-
2 in SAT was downregulated after 6 months of weight loss, with an improved lipid and insulin

metabolic status [17].

In addition, a close relationship has been shown between Ang-2 and leptin [14,55]. Leptin is one of
the key adipokines, which regulates energy homeostasis through appetite suppression and energy
expenditure elevation [71,72]. Hyperleptinemia initiates endothelial dysfunction as it independently
increases the risk of coronary artery disease [73]. Ang-2 was found involved in leptin mediated
endothelial dysfunction in AT [14,55]. It was shown that leptin was able to induce upregulated Ang-
2 expression in murine AT depots without the changing of VEGF in both in vivo [14,57], and in vitro
[14] studies. The upregulated murine Ang-2 in AT was associated with the apoptosis of adipose
endothelial cells [14]. Circulating Ang-2 was also increased in obesity [17-21] and a positive

correlation between serum Ang-2 levels and BMI has been shown in a previous study [19].

These data indicate a link between Ang-2 and AT associated metabolic disorders. Moreover, strong
evidence indicates that Ang-2 was involved in obesity-related metabolic diseases in humans as

introduced in the following section.

1.3.4 Angiopoietin-2 in obesity-related metabolic diseases

In human studies, Ang-2 levels were found to be associated with obese-related metabolic diseases
such as cardiovascular disease [22-26], MetS [27], and non-alcoholic fatty liver disease (NAFLD)

[74], as well as diabetes and diabetic chronic complications [28—30].

Several lines of evidence show that Ang-2 acts as predictor and biomarker of cardiovascular diseases
including heart failure [22,23,75], and myocardial infarction [24-26]. MetS as a clinical condition
including a group of metabolic risk factors that appear to directly promote the development of
atherosclerotic cardiovascular disease [76] and higher serum Ang-2 levels in MetS patients than those
without MetS has been reported [27]. In addition, NAFLD is a group of diseases including steatosis,
nonalcoholic steatohepatitis, cirrhosis, and liver failure [77] and is commonly associated with severe
obesity with BMI higher than 35 kg/m* [78,79]. A positive correlation was found between VAT
expression of Ang-2 and lobular inflammation in patients with severe obesity and NAFLD [80], and
serum Ang-2 levels were increased in patients with histological nonalcoholic steatohepatitis

compared with simple steatosis [74].

Further, patients with diabetes show higher blood levels of Ang-2 in comparison to controls [81-85].

The upregulation of Ang-2 in diabetes could be induced by both hyperglycemia states and advanced
9
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glycation end products in in vitro study [86]. Regarding diabetic angiopathy, the expression of Ang-
2 correlates with the presence of microvascular injury such as in albuminuria [87] and retinal blood
vessel permeability in an animal study [88]. Accordingly, in patients with diabetes, elevated plasma
Ang-2 is associated with the indexes of endothelial damage and dysfunction [89]. Notably, after one
year of intensified cardiovascular risk management, the increased Ang-2 in diabetes becomes
irreversible when diabetic cardiomyopathy has developed [89]. Thus, an early intervention of the

increased Ang-2 becomes essential, which might be a new target to protect the vascular impairment.

1.3.5 Endothelial impairment appears in the early phase of obesity

It was found that the impaired endothelial function can initiate in a very early phase of the progress
of obesity, irrespective of comorbidities [3]. Through measuring carotid intima-media thickness and
wall dilation, the endothelial impairment appears even in the absence of insulin resistance in obesity
[3]. Thus, monitoring of Ang-2 in the context of obesity related risk factors is relevant to
understanding the potential vascular impairment. Several animals and in vitro studies had shed light
on the association between Ang-2 and several obesity related risk factors as introduced in the

following section.

10
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1.4  Obesity related risk factors and Angiopoietin-2

The cause of obesity consists of multiple factors, including genetics [90], epigenetics [91], and
acquired lifestyle such as dietary patterns, physical activity, and sleep behavior [92]. These aspects
are not independent of one another, they interplay with each other closely [92]. In this section, the
evidence that Ang-2 may associate with high fat intake, sleep loss, and hypoxia status will be

llustrated.

1.4.1 Diurnal (a)rhythmicity as obesity related risk factor

It is known that the cell clock generates the rhythm of most metabolic functions [93]. This cell clock
system locates in the suprachiasmatic nucleus of the hypothalamus generating 24-hour periodic
oscillations in humans. The suprachiasmatic nucleus regulates important physiological activities
such as the endocrine rhythm, fast/eating cycle, and sleep/wake cycle [94]. Clock genes coordinate
the function of lipid synthesis and fat storage regulation and can regulate liver lipid metabolism [93],
hepatic gluconeogenesis [95], and circadian gene expression in glycolysis [96], respectively.
Asynchrony of the circadian clock ie, sleeping out of phase of habitual sleeping times—as a
consequence of shift work, chronic jet lag, intentional sleep restriction, deprivation is involved in
abnormal storage of adipocytes, which supports the increase in the incidence of obesity [97]. It has
been aforementioned that Ang-2 is involved in dysregulating obesity-related lipid and glucose
metabolism [14,17,55]. Besides, Ang-2 can be modulated by the essential adipokine leptin in the
process of obesity [17] and a clear diurnal change in circulating leptin with the highest between

midnight and early morning has been reported [98].

However, whether circulating Ang-2 levels fluctuate by the circadian clock is still unclear. Thus,

detecting the diurnal rhythm of circulatory Ang-2 aims for the primary step of this thesis work.

11
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1.4.2 High fat diet as obesity related risk factor

Although there are many possible causes of the epidemic of obesity, energy-dense, high fat and
palatable food and finally high caloric food is discussed as the main determinant of obesity [99].
Among them, HFD and subsequently high caloric intake are prevalent in recent life [100]. It has been
shown that HFD plus high calories is a potent risk factor for weight gain and obesity [101]. Hormonal,

metabolic, and cardiovascular disorders are among the consequences of HFD [43,102].

The hypothalamus has known to be a key hub for the detection of hunger and the organization of
eating behavior [103,104]. However, a salience network in the brain was found associated with
motivation, desire, and craving for food. This network can be activated by HFD, which makes the
brain more inclined to choose HFD than ordinary food [105]. In addition, even before being tasted
and absorbed, HFD can affect several key brain nodes and networks through visual and olfactory
stimuli [106]. Furthermore, more factors had been discovered that can contribute to the higher chance
of HFD intake: exogenous factors such as socio-cultural, e.g., cultural habits, religion, medication
e.g., oral anti-diabetic agents, atypical antipsychotics, corticosteroids, alcohol, and homeostatic
factors such as the biomedical, e.g., leptin deficiency, melanocortin type 4 receptor mutations,
cerebral trauma, insulinoma, and mental disorders, e.g., stress, mental health conditions [107].
Together, multiple factors can contribute to the increased HFD intake and energy consumptions.

Positive net calories ingested will finally lead to excessive weight gain.

Pathologically, animals under HFD tend to consume more calories, have higher AT components,
suffer from hyperinsulinemia and hyperleptinemia, and are insulin resistant compared with animals
under low-fat diet [108]. Nevertheless, other than the over energy-consuming, dietary fat per se in
HFD can play as the predisposing factor of obesity. The diet composition and/or energy density could
affect fat deposition and insulin sensitivity under identical energy intake [108]. Wood and his
colleagues studied rats that were either fed with HFD (fat: 4.62 kcal/g) or low fat-fed rats (fat: 3.85
kcal/g), but matched energy intake [108]. After 10 weeks, HFD fed rats had similar body weights but
significantly more AT than the low-fat fed rats [108]. To further assess the sensitivity of their brains
to insulin, the HFD fed rats administered insulin into the brain for 4 days gained their bodyweight
and behaved comparably to the HFD rats given saline after back to ad libitum food administration
[109]. These data provide evidence that altering the diet composition is sufficient to render rats
insensitive to central insulin [109]. In line with this, in vitro, insulin secretory response to glucose in

islets of rats was markedly impaired after 2 weeks of HFD [110].

In pancreatic B-cells, Ang-2 seems involved in the impairment of the B-cells mass under HFD [111].
In pancreatic B-cells specific Ang-2 overexpressed mice, hypervascularization was observed under
normal diet, but HFD challenge led to the decreased islet vessel area with increased apoptosis and

reduced B-cells mass [111]. Furthermore, the Akt pathway was activated with increased Ang-2

12
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expression in the corpus cavernosum in male Wistar rats after HFD. Of note, Ang-2 expression
increased before serum lipid changed and obesity onset, and even preceding structural atherosclerotic

features [112].

In adipocytes, increased Ang-2 is essential in maintaining the lipids in SAT [16]. It was found that
Ang-2 expression is increased in both mice and humans SAT adipocytes after 24 hours of saturated
fatty acids treatment in vitro [16]. In vivo, animal studies showed that HFD upregulated SAT Ang-2
expression in wild-type mice after both 3-7 days [16] and 16 weeks [113].

Adiponectin is an insulin-sensitizing adipokine [114]. It is known to stimulate skeletal muscle fatty
acids oxidation and to reduce lipids uptake, which can prevent the impairment of the insulin-signaling
cascade [115]. In AT-specific Ang-2 overexpressed mice, blood adiponectin increased with an
overall metabolic improvement after HFD challenge [116]. In turn, the adipocyte-specific Ang-2
knockout mice decreased plasma adiponectin levels and were accompanied by impaired systemic
metabolism [16]. These shreds of evidence indicated that increased Ang-2 in SAT enables an increase
of the SAT fat uptake that prevents lipotoxicity in other metabolic-related tissues and circulations, to

avoid ectopic lipid accumulation under HFD [16].

These animal studies raised the potential link between Ang-2 and the HFD-challenge, which
proposed that Ang-2 accumulation outside of AT such as in circulations might be a predictor or
marker of metabolic and lipid dysregulation under HFD. However, total calory intake had not been
reported in these animal studies. A human interventional study in healthy subjects demonstrated that
after a single-meal HFD (with eucaloric compared to standard meal), plasma Ang-2 levels slightly
decreased in between but back to baseline at 6 hours post-prandial [117]. However, data on longer
high fat intervention in humans are missing. For a better understanding of this process, we aim to
assess the effects of one day of HFD on blood Ang-2 levels in healthy young men compared to a

control diet.

13
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1.4.3  Sleep restriction as obesity related risk factor

In the past few years, studies have shown that the lack of sufficient sleep, i.e., short sleep duration,
sleep disturbances, and circadian desynchronization are becoming more and more common [118,119].
A meta-analysis comprised 22 populations with more than 60 thousand adults worldwide indicating
that short sleep (<5 h/night) increased the likelihood of obesity compared with regular sleep [120].
Besides, a negative correlation was found between the unit of change in BMI and per hour of sleep
in adults [120]. In addition, several metabolic diseases such as hypertension, hyperlipidemia, T2D

are strongly linked to short sleep duration [121]. Short sleep has become one of the important obesity

related risk factors [120] and adversely affects metabolic health [118,119]. Clinical experimental
studies supported the hypothesized association between short and disrupted sleep and metabolism in

humans.

It has been proposed that sleep loss might trigger the hypothalamus-pituitary-adrenal axis and
sympathetic activity that favor food foraging [122-124]. The activated hypothalamus-pituitary-
adrenal axis then contributes to glucose tolerance impairment and positive energy balance. In
accordance, the cortisol levels were increased after 40 hours of total sleep deprivation in humans
[125]. However, less data was shown about the impact of one day of sleep loss on cortisol. It has
been also shown that cortisol concentrations were not affected by early night sleep loss compared to
regular sleep which suggests that alterations in hypothalamus-pituitary-adrenal axis activity are

probably not a key mechanism after one day of sleep loss [32].

A study from our group evaluated the effect of acute sleep loss during the late vs. early night vs.
regular sleep on glucose homeostasis in healthy men [32]. Data revealed that short sleep reduces
insulin sensitivity irrespective of its nocturnal timing, while glucose concentrations remained stable
[32]. Furthermore, carbohydrate and lipid metabolism related morning to evening regulated pathways
were highly sensitive after late short sleep compared to regular sleep, whereas the rhythmic of the
part of core clock genes did not been impacted [126]. It has been found that circulating Ang-2 has
increased in patients with hyperinsulinemia compared with normal-insulinemic subjects [31]. In
addition, hyperinsulinemia could increase the Ang-2 expression to elicit endothelial inflammation in
vitro [31]. Besides, Ang-2 has been found essential in the regulation of lipids [16]. Whether Ang-2
had taken part in the disturbed carbohydrate and lipid metabolism after short sleep is unknown so

that we aim to investigate the levels of circulating Ang-2 after short late-night sleep.

14
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1.4.4 Obstructive sleep apnea as obesity related risk factor

OSA is a common sleep disorder and is closely related to hypoxia. The main pathological mechanism
of OSA is an apnea event caused by airway obstruction, resulting in decreased blood oxygen
saturation and intermittent hypoxia at night [127]. Patients with OSA revealed periods of hypopnea
or apnea. The severity of OSA is defined by the apnea hypopnea index (AHI). Patients with mild
OSA experience 5-15 apnea-hypopnea events /h, while those with moderate or severe OSA

experience 15-30 or even more than 30 events /h [128].

It has been estimated that 40% to 70% of the obese population suffers from OSA [167]. Obese-
related metabolic diseases can cause or exacerbate sleep apnea through body-dependent and
physiological-dependent mechanisms. In turn, sleep apnea can lead to intermittent hypoxia, and by
oxidative stress, increasing inflammation, which leads to the development of obesity related

metabolic disorders such as diabetes, and cardiovascular disease [130,131].

Ang-2 has been found elevated under hypoxic conditions in vitro [42,132]. It has been reported that

Ang-2 levels are upregulated 3.1 to 5.6-fold commitment with increased VEGF in bovine
microvascular endothelial cells after 15 hours of incubation in the presence of a hypoxic environment
(95% N2/ 5% CO2) [42]. Similar findings were found from mouse mesangial cells, Ang-2 and
VEGF mRNA increased 8 to 24 hours with hypoxia (3% O,) compared with normoxic (21% O)
cells [132]. Besides, Ang-2 was increased under 1% hypoxia conditions in subcutaneous adipose-
derived stem cells [133]. In addition, the secretion of Ang-2 increased when the primary cultured

subcutaneous adipose-derived stem cells were exposed to oxidative stress [133].

In brief, Ang-2 has been shown as a hypoxia [42,132], oxidative stress [133], and inflammatory [9]
related factor, which are analogous to the mechanisms of sleep apnea [130,131]. Thus, Ang-2 has a
high possibility to be involved in the OSA prognosis. To date, there is only one study on OSA and
Ang-2, showing increased plasma Ang-2 and reduced Ang-2 after adenotonsillectomy treatment

[134]. However, data on Ang-2 changes in adults with OSA are not available so far.

In a recent study from our workgroup, Steffen and others followed up a group of moderate-to-severe
patients with OSA (AHI, 26.5 = 2.6 events /h) and moderate obesity. After a year under upper airway
stimulation (UAS) treatment [135], not only the hypoxia status but also the glucose metabolism

improved [136]. This provided us a chance to further explore changes in Ang-2 in patients with OSA.

15
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1.5 Hypothesis and objectives

So far, complex functions of Ang-2 have been discussed in reviews. However, data focusing on the
role of Ang-2 in obesity and obese-related metabolic disorders are still warranted. Therefore, to
explore the current knowledge, a narrative review was conducted on original studies evaluating the
role of Ang-2 in obesity. Based on the publications, we were able to point out several unsolved issues

and attempted to further address these issues.

This work also aims to assess whether the obesity related metabolic risk factors (HFD, acute sleep
loss, and OSA) could impact Ang-2 in humans based on data sets of previously performed studies of
our work group. First, plasma Ang-2 was measured in healthy men to quantify a potential Ang-2
diurnal rhythm. Next, effects of HFD as compared to the control diet, as well as the effects of short
sleep loss as compared to regular sleep on Ang-2 levels were studied in healthy young men. Lastly,
the impact of intermittent hypoxia and OSA treatment on Ang-2 plasma levels in patients with OSA

was explored.

It has been hypothesized that:

1) circulating Ang-2 levels show a diurnal rhythm,

i) HFD diet increases plasma Ang-2 levels as compared to control diet in the short-term,

i) late short sleep increases plasma Ang-2 levels as compared to regular sleep in the
short-term,

iv) plasma Ang-2 levels decrease one year after OSA treatment in humans.

16
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2 METHODS

2.1 Narrative review of the association between Angiopoietin-2 and obesity

A computerized literature search for studies reporting the association between Ang-2 and obesity
was performed in PubMed, containing the following search terms (last search performed on Jun 30",
2021): ((obese OR obesity OR fat mass OR adipose tissue OR AT) AND (Ang-2 OR Ang2 OR
ANGPT2 OR ANGPT-2 OR Angiopoietin-2 OR Ang-2/Ang-1 OR Ang2/Angl OR ANGPT2/ANGPTI
OR ANGPT-2/ANGPT-1)). The search was restricted to English and German publications but was

neither restricted to the date of publications nor type of studies.

2.2 Experimental studies of circulating Angiopoietin-2 in humans

We took advantage of three previous studies in humans, which provide the opportunity to assess the
diurnal pattern of Ang-2 (A), and the changes of Ang-2 under both a short-term (B, C) and long-term
(D) approach. Assessed data should allow linking blood levels of Ang-2 to obese-related factors such
as short sleep or high fat diet (Figure 3).

Descriptive
Research
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Figure 3. Study design addressing Angiopoietin-2 metabolism using short-term and long-term

approaches.
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2.2.1 Study A: Diurnal rhythm of Angiopoietin-2

In study A, the diurnal profile of Ang-2 was assessed in 19 healthy young men. This analysis is part
of a comprehensive study investigating the short-term effects of eucaloric HFD on metabolism and

hormone secretion patterns performed previously in our lab.

The enrollment of subjects took place via fliers at the University of Liibeck or inquiries via students’
email distribution lists. Before inclusion in the study, all potential test subjects were informed in
detail about the study and were examined regarding the exclusion criteria listed below. Sleeping

habits and previous illnesses were asked about using an anamnesis interview.

Inclusion criteria: Healthy young men with a BMI value between 18.5 and < 25.0 kg/m? were

included.

Exclusion criteria: Acute as well as chronic internal and neurological diseases, psychiatric illness
(such as depression or anxiety disorder) and physical or psychological stress, positive family history
of T2D. Further exclusion criteria were shifting and night work, during the past four weeks had
traveled across time zones, short habitual sleep duration (< 6 hours per day), alcohol and nicotine
abuse. Subjects were not allowed to be active competitive sportsmen with a high level of training.

Subjects donating blood within the 3 months before or during the experiments were also excluded.

During the trial period, subjects were not allowed to participate in other medical studies. In the week
before the study, subjects were asked to avoid excessive exercise and alcohol and to maintain a
normal day/night rhythm, go to bed no later than 23.00 h, and not start a diet. On the day of the

experiment, alcohol and the consumption of beverages containing caffeine were prohibited.

Study timeline during the trial period: Before the real test began, participants had spent an
adaptation night in the sleep laboratory to get familiar with to test conditions and to rule out sleep
disorders. On the test day, the subjects arrived for the respective test sessions at 18.45 h (day 1). Each
subject was asked about their subjective well-being, e.g. hunger, thirst, fatigue. Furthermore, an
indwelling venous catheter (Vasofix Safety® 18G von BRAUN, Melsungen, Deutschland) was
inserted, which enables us to repeatedly draw blood in the following study. At 20.00 h, each subject
received a controlled dinner that was individually calculated based on the subjects resting energy

expenditure. Subjects went to bed at 23.00h and with 8 hours of regular sleep in our sleep laboratory.

On day 2, subjects were woken up at 7.00 h. During this day, subjects received 3 main meals in the
form of breakfast (09.30 h), lunch (12.00 h), dinner (17.00 h), and a late snack (20.00 h). All subjects
received a control diet, which contains 30% of fat, 55% of carbohydrate, 15% of protein, also adopted
to their individual calculated total energy expenditure. Blood will be taken at regular intervals.
Throughout the day until going to bed (23.00 h), subjects were encouraged to stay in the metabolic
core unit of the CBBM and to be low physically active. On day 3, after 8 hours of regular sleep,
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subjects were woken up at 7.00 h. The blood sample was taken at 7.30 h before starting an

intravenous glucose tolerance test.

Plasma Ang-2 levels were measured repeatedly (4-time points) over 24 hours. The measurement
started on day 2 from 7.30 h, then 13.00 h, 18.00 h, and the last blood taking at 07.30 h on day 3 (see
Figure 4).

Blood Blood Blood Blood
sampling sampling sampling sampling

! } ! !

Healthy young men under control diet

7.30 day 2 13.00 day 2 18.00 day 2 7.30day 3

Figure 4. Overview of Study A: Diurnal rhythm of Angiopoietin-2.

The study was examined and approved by the ethics committee of the University of Liibeck before
the start (EC 16-343). All subjects were informed both orally and in writing about the course of the

study and all associated risks and gave their oral and written consent to participate in the study.
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2.2.2 Study B: High fat diet and Angiopoietin-2

In study B, the effects of an eucaloric HFD on Ang-2 were assessed in the same cohort of study A.

Thus, the recruiting process is described in section 2.2.1.

Study timeline during the trial period: The processes on day 1 are identical to study A, which
already were mentioned above (section 2.2.1). On day 2, all subjects were examined in a total of two

sessions, each with different standardized main meals manipulation:
- Control diet containing 30% of fat, 55% of carbohydrate, 15% of protein.
- HFD containing 74% of fat, 11% of carbohydrate, 15% of protein.

The total energy content of both diets was individually calculated based on subjects measured resting
energy expenditure and corrected with the physical activity level of 1.3. The interval between the

two sessions was at least 7 and a maximum of 21 days.

During each of the trial sessions (day 2), subjects received 3 main meals, i. e. breakfast (09.30 h),
lunch (12.00 h), dinner (17.00 h), and a late snack (20.00 h). During the day, subjects were asked to
behave physically inactive. At 23.00 h, subjects went to bed for 8 h regular sleep. On day 3, subjects
were woken up at 7.00 h, and the last blood sample was taken at 7.30 h before breakfast. Ang-2 levels

were determined at the following three timepoints over 24 hours during both sessions (Figure 5).

Blood Blood Blood
sampling sampling sampling

High fat diet vs. Control diet
7.30 day 2 18.00 day 2 7.30 day 3

Figure 5. Overview of Study B: High fat diet and Angiopoietin-2.
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2.2.3 Study C: Short late sleep and Angiopoietin-2

In study C, a total of 16 healthy men were included to assess the plasma Ang-2 levels under a short
term of sleep deprivation. This analysis is part of a comprehensive study investigating the short-term
effect of acute sleep loss on glucose homeostasis [32] and physical activity [137]. A detailed review
of the inclusion and exclusion criteria based on medical history, physical examination, and venous

blood sampling is shown below.

Inclusion criteria: Healthy young men, aged between 20 and 30 years, normal weight (BMI: 20.0 —

24.9 kg/m?) without diabetes history in their first-degree relatives were enrolled in this study.

Exclusion criteria: Chronic or acute illness, current medication of any kind, smoking, elevated
alcohol (> 50 g per day) and caffeine ( > 300 mg per day), psychiatric illness (such as depression or
anxiety disorder), and physical or psychological stress, shift work, diet, during the past four weeks
had traveled across time zones, and short habitual sleep duration ( < 6 hours per day). Furthermore,

abnormal findings on physical examination or routine laboratory testing were also exclusion criteria.

In the week preceding the experimental nights, subjects were asked to maintain a regular sleep
schedule with a minimum of 7 hours of sleep per night. Physical activity, sleep behavior, nutrition,
and subjective feelings during the day before experimental visits were assessed by a structured

interview on each in-lab visit to ensure participants’ adherence to the above-listed criteria.

Study timeline during the trial period: Participants underwent an adaptation night in the laboratory
that included a standard overnight polysomnographic recording to exclude sleep disorders and for

familiarization with the experimental setting.

On the test night (day 1), participants attended the research unit at 19.15 h. After a standardized light
dinner (380 kcal) at 20.15 h, participants were prepared for polysomnographic recording. Thereafter,
they were allowed to drink only water (max. 250 mL) until the next morning. Participants were

examined for two sessions:

1) after a night with a regular sleep duration of eight hours

(‘regular sleep’; bedtime 22.15 — 06.45 h)

i) after a night with partial sleep restriction of four hours in the first half of the night
(‘late short sleep’; bedtime 02.15 — 06.45 h).

The interval between the individual meetings was at least two weeks. Participants went to bed and
lights turned off at 22.15 h and 22.30 h respectively, in the ‘regular sleep’ condition as control, while
in the ‘late short sleep’ condition, they remained awake in a sitting position until 02.15 h. During the
‘late short sleep’ condition, participants were allowed to read and watch non-arousing movies while

being monitored constantly by the experimenters. Light intensity in the laboratory was set at 300 lux.
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An intravenous catheter was inserted into a vein of the participant’s non-dominant distal forearm, to
take blood during the test day. Ang-2 levels in the blood were analyzed in the evening before (day 1;
22.00 h) and in the morning (day 2; 07.00 h) after respective study conditions (Figure 6).

Blood Blood
sampling sampling

! !

Short late sleep == 4h sleep
Regular sleep map 8h sleep

22.00 day 1 7.00 day 2

Figure 6. Overview of Study C: Short late sleep and Angiopoietin-2.

The study was examined and approved by the ethics committee of the University of Liibeck (EC 10-
109). All subjects were informed both orally and in writing about the course of the study and all

associated risks and gave their written and oral consent prior to participation.
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2.2.4 Study D: Obstructive sleep apnea and Angiopoietin-2

In study D, blood Ang-2 was assessed in a total of 17 patients with OSA in which the efficiency of

UAS treatment after continuous positive airway pressure treatment failure was assessed [136].

Inclusion criteria: Between June 2014 and July 2015, adult patients with moderate-to-severe OSA
(AHI 15-65 events per hr) who had continuous positive airway failure were implanted with an UAS

system (Inspire Medical Systems, Maple Grove, MN, USA) were enrolled in this study.

Exclusion criteria: Patients were excluded if the BMI was above 35 kg/ m? and pronounced
anatomical abnormalities preventing the effective use of assessment of the UAS were identified
during a clinical examination (e.g., enlarged tonsils, complete concentric collapse at the retropalatal
airway was observed on endoscopy performed during drug-induced sleep). Besides, patients were
excluded with chronic obstructive pulmonary disease, severe cardiovascular diseases (e.g., New York
Heart Association class III or IV heart failure, recent myocardial infarction, or severe cardiac
arrhythmias), neuromuscular diseases, hypoglossal nerve palsy, persistent uncontrolled hypertension
despite medication use, active psychiatric disease, and the foreseeable requirement of magnet

resonance imaging [135].

Study timeline during the trial period: Eligible participants underwent surgery to implant the UAS
system (Inspire Medical Systems, Maple Grove, MN, USA). One month after implantation, all
participants had their devices activated and were told to use the controller to start and terminate
treatment every night. After activation, participants arranged outpatient visits at month 1, 2, 3, 6, and

12 to obtain data on adverse events and conduct equipment inspections.

A home sleep test (HST; Somnocheck effort, Fa. Weinmann, Hamburg) was used to evaluate OSA
severity before and 12 months after UAS device implantation. OSA-related parameters such as AHI,
apnea index, hypopnea index, and oxygen desaturation index were estimated from HST. The
outcome measurements and the classification of responders and non-responders were defined in
dependence on the criteria postulated by Sher et al [138]. A response as measured by means of the
AHI score was defined by a reduction of > 50 % and an absolute AHI score < 20 events per hour

from baseline.

Metabolic parameters were assessed including an oral glucose tolerance test with measurements of
glucose (Roche Diagnostics GmbH, Mannheim, Germany), insulin, and C-peptide (Immulite 2000,
Siemens Healthcare Diagnostics, UK) from blood samples taken right before (fasting, 0 min), 60 min,
and 120 min after the glucose load. Homeostatic model assessment of insulin resistance and C-
peptide insulin resistance indices were calculated (Ohkura et al., 2013). Fasting leptin and acylated
ghrelin were measured (RIA, Merk Millipore, Darmstadt, Germany) to assess markers of homeostatic

regulation of hunger and appetite.
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Plasma Ang-2 levels were assessed before (baseline) and after 12 months of treatment with a UAS

system as described below (Figure 7).

Blood Blood
sampling sampling

! }

Adult OSA patients implanted with UAS device

Baseline 12 months
Figure 7. Overview of Study D: Obstructive sleep apnea and Angiopoietin-2.0SA, obstructive sleep
apnea; UAS, upper airway stimulation.

The study was examined and approved by the ethics committee of the University of Liibeck (AZ 14-
095). All subjects were informed both orally and in writing about the course of the study and all

associated risks and gave their written and oral consent prior to participation.

24



METHODS 25

2.3 Metabolic measurements

In study A-D, plasma samples were taken in pre-cooled blood EDTA tubes (S-Monovette® 2.7 ml;
Servoprax, Wesel, Germany). Right after the blood taking, each plasma sample was immediately
centrifuged at 4 ° C and 4000 revolutions (3112 g) (Laboratory Fugue 400R, Heraeus Instruments,
Hanau), and the supernatant was then aliquoted. The aliquoted samples were initially stored at -20 °
C and transferred to a cooling device at -80 ° C after two weeks at the latest. Ang-2 values were
determined from stored (-80°C) plasma samples by using commercial assays (Quantikine ELISA,
R&D Systems, Inc, USA). The intra-assay precision coefficients of variability were 5.8 %, while the
inter-assay precision was 9.0 %. The minimum detectable dose of human Ang-2 ranged from 1.20-
21.3 pg/mL, and the mean minimum detectable dose was 8.29 pg/mL. The EDTA plasma sample in
healthy volunteers provided by the manufacturer of this ELISA kit was 1964 + 808 pg/mL.

Due to the research aim of the individual studies, anthropometrical and metabolic parameters, such
as glucose homeostasis, lipid profile as well as inflammatory and hypoxic states of subjects have

been assessed according to the respective study protocols.

2.4  Statistical analysis

The data was analyzed and displayed by SPSS Statistics 22.0 (SPSS Inc., Chicago IL), and GraphPad
Prism Version 7.03 (GraphPad Software, La Jolla CA) for Windows®. Values are expressed as mean
+ standard error of means (SEM) for distributed variables, and percentage for categorical variables.
Statistical evaluation was carried out by means of the analysis of variance (ANOVA) for repeated
measures with the time factor and, if necessary, condition. i.e. HFD vs. control diet as well as regular
sleep vs. short late sleep, respectively. Paired t-tests were performed between two groups.
Spearman’s correlation analysis was used to assess the association between Ang-2 and AHI in
patients with OSA. The changes of Ang-2 (d-Ang-2)-and AHI (d-AHI) over time were calculated (d-
Ang-2 = Ang-2 at month 12 — Ang-2 at baseline; d-AHI = AHI at month 12 — AHI at baseline). A P-

value < 0.05 was considered significant.
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3 RESULTS

The first section describes the results for the narrative review of the association between Ang-2 and
obesity and obese-related metabolic disorders. The second section presents the results of the
experimental studies. In Study A, diurnal rhythm of Ang-2 was detected. Then, Ang-2 after short-
term alterations in nutrition (Study B) and sleep (Study C) compared to control condition in healthy
men are presented. Lastly, in Study D, the impact of OSA treatment on Ang-2 in subjects with OSA

in long term was obtained.

3.1 Angiopoietin-2, obesity, and obesity-related metabolic disorders: A narrative review

In total, 86 publications were found using the above-mentioned research strategy. Twenty-three
additional publications were identified through other sources and were manually included so that
109 publications were selected. After the first screening, 21 records were removed, while after
reading the full text, 21 records were excluded. Thus, 67 publications were considered for the
narrative review (see Figure 8). Data are summarized starting from cells and animal studies and
ending up reporting human research concerning the expression of Ang-2, as well as the association
between Ang-2 and the metabolic diseases (i.e., obesity, MetS, T2D, cardiovascular diseases, OSA,

NAFLD, respectively) and its modulators such as HFD or hypoxia.

> Records identified through Additional records identified

= database searching through other sources

3 (n = 86) (n=23)

o

g.

f—’,) Abstract screened

g after were removed

S (n=109)

2 Records excluded (n
»[ =21) due to diseases

v not related on obesity

m Full-text articles

‘g_- assessed for eligibility

= (n = 88) Testing drugs (n = 2);
| Lack of Ang-2 data on
"| obesity (n = 10);

5 — : Cancer (n = 9)

o Studies included in

s narrative review

o (n=867)

Figure 8. Research strategy of the narrative review regarding the association between Angiopoietin-
2 and obesity.
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3.1.1 Expression of Angiopoietin-2 in adipose cells, blood, and adipose tissues

In vitro studies: Ang-2 has been detected in human adipose-derived stromal cells [139]. Ang-2
mRNA was dramatically elevated concomitant with elevated Ang-1, and VEGF mRNA strongly
enhanced the endothelial cells numbers in the process of adipogenic differentiation [139], and during
liver regeneration [140]. Under inflammatory conditions, the expression of Ang-2 was increased
along with decreased expression of Ang-1 in premature adipocytes [141]. Co-cultured with rat AT-
derived stem cells, human umbilical vein endothelial cells showed increased Ang-2 expression with
significantly improved endothelial tube formation [142]. Moreover, specific challenges such as
intermittent fluid flow, hypoxia (1%), and oxidative stress lead to the increased secretion of Ang-2

in human AT-derived stem cells [133].

In animal studies: Expression of Ang-2 was found in AT in wild-type mice [14—16]. Among
different AT depots, Ang-2 is more pronounced in SAT compared with VAT and BAT [16]. In Ang-2
adipocyte-specific knockout mice, weight of SAT was significantly decreased [16]. Besides, the
expression of Ang-2 was also found in pig SAT, which was more pronounced in the middle SAT
compared to outer SAT, and Ang-2 expression in SAT was unchanged between 90 to 210 d of age
[143].

Leptin induces increased murine AT Ang-2 expression without an increase in VEGF both in vivo via
subcutaneous infusion [14,55], and in vitro via 24h leptin treatment in mouse adipocytes [14], with
a loss of fat mass [14,55], and apoptosis of endothelial cells in AT [14]. In SAT of female °”’mice
(the transcriptionally leptin-deficient mice), Ang-2 mRNA expression was lower compared with age-

ob/ob

matched wild-type mice [14]. In contrast, a study in male *”*"mice demonstrated a 2-fold increase of

Ang-2 mRNA expression in inguinal SAT, with a decreased SAT blood vessel density compared

ob/ob

with wild-type mice [144]. However, a further male °”’mice study reported no association between

Ang-2 mRNA expression and the epididymal AT growth and regression [145].

In addition to leptin, forkhead box protein C2 (FOXC2) as an important transcription factor [146]
can partly modulate the adipocytic Ang-2 [147]. In adipocytes-specific FOXC2 expression mice,
Ang-2 increased nearly 6-fold in epididymal, and inguinal WAT compared with wild-type mice. A
nearly 50% reduction of Ang-2 expression was detected in preadipocytes In knockout FOXC2 mice
[147].

Clinical and experimental research in humans: In circulations, plasma from healthy humans
contains levels of Ang-2 between 1-3 ng/mL and seldom more than 4 ng/mL [39]. Higher blood Ang-
2 levels were seen in adults [18-21], children and adolescents with obesity compared to lean subjects
[148-150]. Accordingly, a positive relationship was found between serum Ang-2 and BMI after
excluded gender and age [19]. Besides, waist circumference, VAT, pericardial fat, and periaortic fat

except for SAT were positively associated with circulating Ang-2 [151]. In addition, the odds of
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suffering from several metabolic disorders such as T2D, systolic blood pressure, and MetS were
positively associated with serum Ang-2 [152]. Gender was found to contribute to the disparity of
Ang-2 levels as well, with higher serum Ang-2 in women than men [19,152]. The more marked

differences between normal weight and obesity were in female subjects [19].

Regarding human AT, Ang-2 expression is increased in SAT of patients with obesity compared to
those of normal weight [17,153], and SAT Ang-2 mRNA is positively related to serum leptin and
fasting insulin [17]. In children aged between 0 and 9 years, Ang-2 was also found expressed in SAT,

but the expression of Ang-2 is not correlated with BMI [154].

3.1.2 Angiopoietin-2 and obesity-related metabolic diseases

3.1.2.1 Metabolic syndrome

A large community-based study including 3,205 participants (42% having MetS) shows a positive
correlation between Ang-2 and the prevalence of MetS. In addition, MetS components such as
triglycerides and high non-fasting glucose increased as Ang-2 levels risen [27]. However, in patients
with MetS and erectile dysfunction, serum Ang-1 but not Ang-2 increased. The increased Ang-1
contributed to vessel stabilization, as a compensatory attempt before cardiovascular events take place

[155]. In postmenopausal women, serum Ang-2 showed no difference between those with and

without MetS [156].

3.1.2.2 Diabetes and diabetic angiopathy

In vitro and animal studies: In vitro, a 3.2-fold increase of Ang-2 was seen in human pancreatic [3-
cells under glucolipotoxicity conditions [111]. In vivo, myocardial Ang-2 concentrations have been
found elevated in diabetic mice [157]. Besides, the renal cortex Ang-2 expression has been evaluated

db/db.

in diabetic “"“’mice as compared to non-diabetic control, revealing that the impaired renal function

reversed by applying an Ang-2 inhibitor [158].

Clinical and experimental research in humans: In pre-diabetic status, a study showed higher
blood Ang-2 levels in men with hyperinsulinemia than in those with normal insulin levels [31].
Patients with impaired glucose tolerance (IGT) showed increased blood Ang-2 levels as compared to
subjects with normal glucose tolerance [81]. Additionally, Ang-2 levels correlated with the severity
of glucose intolerance [81]. In line with this, a multiple regression analysis revealed that fasting blood

glucose and HbA 1¢ were independently related to serum Ang-2 in humans [159].

Focusing on diabetes state, higher levels of blood Ang-2 were seen in patients with diabetes
compared with non-diabetes [84]. This finding was paralleled to several other human studies [28,29],

controls [81-85]. In addition, a positive association between blood levels of Ang-2 and the
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prevalence of T2D was found [152]. Greulich and his colleagues have shown that myocardial Ang-

2 concentrations were elevated in patients with T2D [160].

In the context of diabetic angiopathy, T2D with either macroangiopathy or microangiopathy showed
higher levels of serum Ang-2 compared with those without angiopathy [30]. In multivariable logistic
regression, positively independent associations were seen between blood Ang-2 levels and patients
with diabetic vascular complications [30]. Furthermore, multivariate analysis shows that increased
blood levels of Ang-2 are a significant predictor of new-onset microalbuminuria in T2D [161]. In
addition, serum Ang-2 levels were found independently associated with carotid and aortic intima-
media thickness [159]. In patients with T2D, higher serum Ang-2 levels were seen in diabetic
retinopathy as compared to non-retinopathy [162]. Furthermore, urinary Ang-2 was also found
associated with the levels of albuminuria in patients with T2D [163]. Regarding comorbidities,
patients with T2D and additionally suffering from comorbidities including hypertension [152,164]
and heart failure [165] showed higher circulating Ang-2 levels in respect to T2D without such
comorbidities. However, another study showed no difference between diabetes with and without
cardiovascular diseases [82]. Study in 80 patients with diabetes and after controlling age and BMI,
Ang-2 levels were found to be correlated with sTie-2, diastolic blood pressure, plasma insulin,
homeostasis model assessment of insulin resistance, creatinine, glomerular filtration rate, and
gamma-glutamyl transferase [166]. Besides, the presence of diabetic macrovascular complications,

polyneuropathy, and insulin therapy was positively associated with Ang-2 levels [166].

A clear association had been shown between circulating Ang-2 and different states of the process of
diabetes, including hyperinsulinemia [31], IGT [81], diabetes [28,29,81-85,152], and diabetes with
diabetic angiopathy [30,159,161-163,166] or with comorbidities [82,152,164,165]. These studies
proposed that Ang-2 had been involved in the impairment of glucose homeostasis and starting from

the very early phase. Related blood levels of Ang-2 are shown in Table 1.
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Table 1. Circulating Angiopoietin-2 expression in diabetes-related human studies (pg/mL)
Ang-2 levels
Specimen Sarpple Hyper- Diabetes with ELISA assay
Size Non-diabetes Lo IGT Diabetes L e
insulinemia Complications/ Comorbidities
Serum [31] 260 1299.0 £54.3 1792.0 £ 197.1 * —_— —_— —_— —_— R&D systems
Blood [84] 121 2700 + 900 S S 4100 = 1300 * — — BioSource
International Inc.
Blood [81] 130 1462 + 856 —_— 1907 £ 855 * 3741 + 1429 *# —_— —_— R&D Systems
4000 6000 5500 Cardiovascular
Plasma [82] 131 (2500-5000) - - (4000-9200) * (3400-7400) * Diseases R&D Systems
597 838
Serum [85] 250 (274-1005) —— —— (473-1241) * —— —— R&D Systems
Serum [28- % 2900 + 700 *+ (macro) .
30] 120 800 + 200 —— —— 1600 + 400 2200 + 600 *+ (micro) Angiopathy R&D Systems
30 700 Elabscience
B N - #* i
Serum [159] 90 (20-100) (600-800) * 1500 (1300-1600) *+ Not shown Biotechnology
Co., Ltd,
Micro-
Plasma [161] 260 —_— —_— —_— 1850 £910 2300 + 1300 + L R&D systems
albuminuria
4400 £ 2510 *
(non-proliferative) Diabetic
- - - %
Serum [162] 100 2700 = 1400 6600 + 4200 retinopathy Not shown
(proliferative)
7104
467 875.6 .
Serum [164] 200 (180.0-877.7) —— —— (419.0—*1084.1) (515.2-1482 4) *+ Hypertension R&D systems
Plasma [166] 80 —— —— —— 2955 —— —— R&D systems

(1349-9000)

Ang-2, Angiopoietin-2; IGT, impaired glucose tolerance; ELISA, enzyme-linked immunosorbent assay. *, P < 0.05 in compared to non-diabetes; #, P < 0.05 in

compared to IGT; +, P < 0.05 in compared to diabetes
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3.1.2.3 Cardiovascular diseases

In vitro studies: The accumulation of Ang-2 caused a dose-dependent reduction in cardiomyocyte
contractile function [160]. In the acute phase of cardiac hypertrophy, enhanced angiogenesis was
associated with myocardial VEGF and Ang-2 expression in mice [75]. In atherosclerotic model mice,
injection of Ang-2 antibody induces a decreased artery plaque formation [167]. However, Ang-2

blockage had no effects on the size or composition of pre-existing plaques in atherosclerosis [167].

In human studies: several lines of evidence suggest that blood Ang-2 could be a predictor and a
biomarker of cardiovascular diseases [22—26]. In patients with coronary artery disease, Ang-2 was
overexpressed in perivascular AT depots with more extensive lymphangiogenesis exacerbated
inflammation states, and fibrosis [168]. In the acute phase of angina pectoris and acute myocardial
infarction, plasma Ang-2 levels in these patients were increased compared to healthy control [24].
Besides, patients with acute congestive heart failure showed more pronounced plasma Ang-2 levels
compared with patients with chronic congestive heart failure [22]. Blood Ang-2 has been proposed
as an independent predictor of myocardial infarction in hypertensive participants [25]. Furthermore,
it has been shown that Ang-2 acts as an independent predictor of poor outcomes in patients with
acutely decompensated heart failure [23], and in patients with cardiogenic shock complicated with

acute myocardial infarction [26].

3.1.24 Obstructive sleep apnea

It has been shown that 1% of hypoxia intervention on human adipose-derived stromal cells elicited
an increase in Ang-2 [133]. Plasma Ang-2 and Tie-2 levels are higher in children with OSA compared
with non-OSA peers [134]. Besides, the induced Ang-2 was more prominent in children with obesity
than children with normal weight, particularly when endothelial dysfunction and insulin resistance
were present [134]. Moreover, a reduction of Ang-2 and Tie-2 levels was observed after

adenotonsillectomy treatment [134].

3.1.2.5 Non-alcoholic fatty liver disease

In patients with severe obesity and with NAFLD, VAT expression of Ang-2 was positively correlated
with lobular inflammation [80]. Serum Ang-2 levels were higher in patients with histological
nonalcoholic steatohepatitis compared with those of simple steatosis [74]. In the nonalcoholic
steatohepatitis mice model as a severe form of NAFLD, both serum and hepatic Ang-2 expressions
increased, and Ang-2 inhibition reversed nonalcoholic steatohepatitis and attenuate hepatocellular

carcinoma progression [74].
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3.1.3 Angiopoietin-2 and high fat diet as a risk factor for obesity

In vitro studies: After being treated with saturated fatty acid (i. e. palmitic acid) for 24 hours, Ang-
2 expression increased by 2.0- and 2.7-fold in mice and humans SAT adipocytes, respectively [16].
Vice versa, fat adipose uptake increased in human umbilical vein endothelial cell compared with

vehicle after 30 min of Ang-2 (2.5ug/ml) stimulation [16].

In animal studies: Animals fed with HFD tend to consume more calories [108]. In wild-type mice,
increased SAT Ang-2 expression was shown after 3-7 days of HFD (60% kcal fat) [16]. In
accordance, perigonadal WAT Ang-2 and VEGF mRNA increased in wild-type mice after 16 weeks
of HFD (58% kcal fat) in comparison with control mice (11% kcal fat) [113]. Interestingly, compared
with male mice, this pattern was more pronounced in female mice, and with higher adipose vascular
density and insulin sensitivity [113]. Furthermore, an elevated Ang-2 was observed before marked
changes in blood lipids occurred after HFD with high calories (45.7% kcal fat, 19.5 kj/g) intervention
in the corpus cavernosum of rats compared to control (3.8% kcal fat, 12.1 kj/g) [112]. However,
blood levels of Ang-2 were unchanged under 3-7 days [16] or 2-8 weeks [169] of HFD (60% kcal
fat).

A study reported that wild-type mice after HFD (60% kcal fat) challenge showed reduced
vascularization in subcutaneous WAT, associated with glucose tolerance impairment and lipid
clearance [116]. Whereas in AT-specific Ang-2 overexpressed mice model, HFD treatment evoked
an increased SAT vascularization, displayed a healthier expansion pattern with increased anti-
inflammatory macrophage infiltration, improved glucose, and lipid metabolic homeostasis compared
with wild-type mice. The Ang-2 neutralizing antibodies caused reducing of AT blood vessel
formation [116]. In addition, a study in Ang-2 adipocyte-specific knockout mice revealed that, HFD
(60% kcal fat) intervention derived a proper fat distribution towards glucose metabolizing organs
(e.g., liver and skeletal muscle) instead of towards SAT [16]. Whereas, the overexpressed Ang-2 in
B-cells showed deteriorated endothelial inflammatory states which may directly lead to B-cells
apoptosis in pancreatic B-cells-specific Ang-2 overexpressed model mice, after HFD (58% kcal fat)

challenge [111]

A study in wild-type mice showed that the average adipocyte areas and total blood content (measured
by radiolabeled tracer) of inguinal SAT and gonadal VAT were dramatically increased, but the blood
mass/AT mass ratios (blood vessel density) was decreased compared to control mice (13% kcal fat
and 10.9 kJ/g) after 15 weeks HFD and high calory treatment (42% kcal fat with 20.1 kj/g) [144].
However, the mRNA of Ang-2 was unchanged during the HFD intervention process. By contrast,

Ang-1 mRNA was descended in both inguinal SAT and gonadal VAT [144].
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Clinical and experimental studies in humans: Human studies of Ang-2 expression under HFD
intervention are scarce. Plasma Ang-2 levels decreased 3 hours post-prandial after a single-meal HFD
(63% kcal fat, 12 kcal/kg), but Ang-2 levels returned back to baseline after 6 hours post-prandial in
healthy subjects [117].

In contrast to studies using HFD as an intervention, several studies are focusing on calorie restriction.
One in vitro study showed that decreased human umbilical vein endothelial cells proliferation caused
by energy deficit was not related to serum concentrations of VEGF and Ang-2 in patients with obese
[170]. Whereas, in vivo study in patients with obesity, after 3-6- [17] and 12-months [21] of weight
loss surgery (sleeve gastrectomy [17,21], adjustable gastric banding surgery [21]), reduced body
weight was followed by a decrease in serum Ang-2 levels [17,21], and the expression of Ang-1 and
Ang-2 was absent in SAT [17]. Serum Ang-1 and the Ang-1/Ang-2 ratio was decreased along with
reduced bodyweight in subjects with obesity but metabolically healthy following 8 weeks of a very

low energy diet, while Ang-2 levels were not reported [171].
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3.2 Experimental results

3.2.1 Study A: Diurnal rhythm of Angiopoietin-2

In study A, 19 healthy young men were included in the analysis. Subjects were aged between 18 and
35 and were of normal weight and fat mass. The characteristics of these subjects are shown in Table

2.

Table 2. Subjects’ characteristics at baseline in study A: Diurnal rhythm of

Angiopoietin-2.

Variable ?::E“i;t)s
Age (years) 25.1+0.8
Body height (m) 1.80 £0.02
Body weight (kg) 760 2.1
BMI (kg/m?) 228+04
Fat mass (%) 184=+1.1

Data are shown as mean + SEM; BMI, body mass index

The plasma Ang-2 levels over 24 hours ranged between 1315 pg/mL and 1425 pg/mL, but revealed
no statistical difference (P = 0.372 by ANOVA time effect). (Figure 9).
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Figure 9. Plasma Angiopoietin-2 over 24 hours.

Data are shown as mean + SEM. Ang-2, Angiopoietin-2.
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3.2.2 Study B: High fat diet and Angiopoietin-2

For study B, analysis was performed using the same study sample as in study A (see characteristics
in Table 2). The concentration of Ang-2 after HFD did not change as compared to the control diet
over 24 hours (P = 0.369 for ANOVA treat x time interaction; Figure 10).
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Figure 10. Plasma Angiopoietin-2 under high fat diet.
Data are shown as mean + SEM. HFD, high fat diet; Ang-2, Angiopoietin-2.
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3.2.3 Study C: Short late sleep and Angiopoietin-2

A total of 16 healthy young and with normal weight were analyzed in this study (Table 3).

Table 3. Subjects’ characteristics at baseline in study C: Short Late Sleep and
Angiopoietin-2.

. Subjects
Variable (n = 16)

Age (years) 24.6 +0.7
BMI (kg/m?) 23.5+04

Data are shown as mean + SEM; BMI, body mass index

Plasma Ang-2 levels did not change overnight in both short late sleep and regular sleep condition (P
=(.442 for ANOVA treat x time interaction; Figure 11).
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Figure 11. Plasma Angiopoietin-2 under short late sleep intervention.

Data are shown as mean = SEM. Ang-2, Angiopoietin-2.
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3.2.4 Study D: Obstructive sleep apnea and Angiopoietin-2

A total of 17 (15 male, 2 female) subjects with OSA were included in study D. Four of them were
diagnosed as obese, 9 suffer from hypertension, and 4 suffer from dyslipidemia. Twelve subjects had

a history of smoking (Table 4).

Table 4. Subject’s characteristics at baseline in study D: Obstructive sleep

apnea and Angiopoietin-2.

Variable %‘:Zj eic7t)s
Age (years) 522+23
Gender, male (%) 88
Body height (m) 1.78 £ 0.03
Bodyweight (kg) 89.5+£3.5
BMI (kg/m?) 28.1+0.9
Body waist circumference (cm) 104 £3
Obesity, n (%) 24
Hypertension, n (%) 53
Dyslipidemia, n (%) 24
Smoking, n (%) 70

Data are shown as mean + SEM or percentage for categorical variables;

BMI, body mass index.
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After 12 months of UAS treatment, the mean of Ang-2 levels was no different compared to baseline
(P =0.130 by paired t-test). Individual changes in Ang-2 are depicted in Figure 12, ranging from
-56.2 % to +37.9 %.
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Figure 12. Plasma Angiopoietin-2 before and 12 months after upper airway stimulation intervention
in patients with obstructive sleep apnea.

Data are shown as individual levels of Ang-2 or mean + SEM. Ang-2, Angiopoietin-2.
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After UAS treatment, the OSA-related respiratory parameter AHI was improved as reported
previously [136], whereas there was no correlation between Ang-2 levels and AHI at baseline, month

12, as difference between timepoints (all P> 0.349; Figure 13 a-c).
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Figure 13. The correlation between plasma levels of Angiopoietin-2 and apnea hypopnea index in
patients with obstructive sleep apnea.

a. Correlation between Ang-2 and AHI at baseline; b. Correlation between Ang-2 and AHI at month
12; c. Correlation between d-Ang-2 and d-AHI; Ang-2, Angiopoietin-2; AHI, apnea hypopnea index;
d-Ang-2 = (Ang-2 at month 12 — Ang-2 at baseline); d-AHI = (AHI at month 12 — AHI at baseline).
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4 DISCUSSION

This doctoral thesis focused on the association between Ang-2 and obesity and related metabolic
diseases. Not only the first narrative review typically focuses on Ang-2 in obese and obesity-related
metabolic disorders will be demonstrated, but also further the link between Ang-2 and several

common obesity related risk factors explored.

From the narrative review, low levels of Ang-2 were found in blood but expressed the most in SAT
of both mice and humans than other metabolic organs. According to literature research, Ang-2 is
correlated with BMI, age, and several cytokines such as FOXC2, leptin, adiponectin, VEGF, TNF-
a. Pro-longed high Ang-2 concentration deteriorated endothelial inflammation and impaired vessel
forming capacity and functions in multiple organs. Besides, elevated Ang-2 levels were found in
obesity and several obese-related diseases in humans such as diabetes, MetS, OSA, cardiovascular
disease, and NAFLD. Increased Ang-2 was found associated with poor prognosis in most of these
diseases. The narrative review sheds light on the association between Ang-2 and obesity and
proposed Ang-2 as a potential biomarker of obese-related metabolic disorders. Notably, several
obesity related risk factors have been found associated with the expression of Ang-2 in animal and
in vitro studies such as high fat intake, short sleep, and hypoxia status. However, relevant human
studies are scarce. In addition, there was no study aimed at exploring the diurnal rhythm of blood

Ang-2 levels.

Thus, to further explore the association between Ang-2 and obese related risk factors, human
experimental studies were designed as second part of this thesis. For this, impact of fat intake and
short late sleep in short term interventions, as well as hypoxia status as long-term intervention on

circulating Ang-2 in humans were assessed. The major findings are as follows:
i)  there is no plasma diurnal rhythm of Ang-2 in healthy young men.

ii) one day of HFD did not change plasma Ang-2 as compared to control diet in healthy young

men.

iii) one night of late short sleep in healthy young men did not change plasma Ang-2 levels as

compared to regular sleep.

iv) 12 months of UAS treatment and thus improved hypoxia status did not change plasma Ang-2

levels in patients with OSA. Ang-2 levels were not associated with AHI.



DISCUSSION 41

4.1 Narrative review of Angiopoietin-2 in obesity

The narrative review gave the first hint of a close association between Ang-2 and obesity and
proposed Ang-2 as a potential biomarker of obese-related metabolic disorders. However, several

divergent views are presented, which will be discussed in the following section.

4.1.1 Expression of Angiopoietin-2 in animal studies

Ang-2 was found to play a role in adipogenesis, and leptin as one of the most essential adipokines
modulates the expression of Ang-2 in adipocytes [14,55]. However, divergence findings obtained in
Ybmice were found [14,144,145]. A study on female *”*’mice showed that Ang-2 mRNA SAT was
decreased with adipose endothelial cells apoptosis compared to wild type mice [14]. In this case, the
Ang-2 is reduced by the lack of leptin, and this process seems one of the events leading to SAT
ob/ob

regression. However, in studies in male

SAT [144], whereas Ang-2 expression in epididymal AT [145].

mice, Ang-2 mRNA expression increased in inguinal

Distinct regions of AT were analyzed between these studies might contribute to the inconsistency of
results. Unlike WAT concentrates the largest deposit of AT in mature humans [172], BAT constitutes
a small portion of AT and is majorly located in the supraclavicular area [173]. Of note, BAT was not
seen in the large subcutaneous depots in humans [173]. However, in small mammals such as mice
and rats, a wider distribution of BAT was seen than in humans, such as in the upper (interscapular,
subscapular, axillary, and cervical) and lower (inguinal) subcutaneous depots, and the perirenal and
mediastinal depots, especially in young animals [56]. It was known that the Ang-2 expression is
significantly higher in WAT than in BAT [16]. The Ang-2 related animal studies mentioned above
utilized different areas of AT such as inguinal [ 144], and epididymal AT [145]. In the distinct regions
of AT depots, the BAT proportion might be disparity, which likely contributes to the inconsistent
patterns of Ang-2.

4.1.2 Expression of Angiopoietin-2 upon of high fat diet intervention in animals

In vitro study, expression of Ang-2 showed a clear increase after being treated with saturated fatty
acid (palmitic acid) in both mice and humans SAT adipocytes [16]. However, divergence views have
been observed in animal studies. After HFD, the expression of Ang-2 has been increased in SAT
[16], and perigonadal WAT [113] in mice. But, mRNA of Ang-2 was unchanged in both inguinal
SAT and gonadal VAT during the 16-week HFD intervention [144].

Analogous to the distribution of WAT and BAT we mentioned before, different areas of AT in mice
may cause these distinct results. In addition, these divergence findings may be partly due to gender
differences. Animal study showed that female mice display greater expression of Ang-2 and VEGF

and vascularity in WAT than males in response to HFD [113]. The greater endothelial cells content
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of WAT in female mice was found compared to weight-matched males reinforcing the concept of
sex-dependent differences expression of Ang-2 [113]. Thus, both gender [16,113], or only male mice

[144] were included might have the chance to influence the results of Ang-2.

Furthermore, between these HFD studies, the proportions of fat in the diet were inconsistent. The
calories of fat are between 42%-60%. Besides, the total calory intake was not reported in most of
these animal studies [16,111,113,116,169]. Divergent calories between studies are highly possible.
Thus, whether HFD or high calories intake impacted the results cannot be distinguished and distinct

energy intakes might largely contribute to the conflict views.

Regarding the functions of Ang-2 under HFD, overexpressed Ang-2 seems playing distinct roles in
AT depots compared with other metabolic organs. It has been known that in addition to energy-
storing, another essential function of WAT is to effectively isolate lipids to prevent lipotoxicity in
other tissues such as liver, heart, and muscle, avoiding ectopic lipid accumulation [174]. In patients
with obesity, the redistribution of the lipids seems to occur besides the expansion of WAT [174],
which contributes to metabolic disorders such as systemic inflammation or insulin resistance [174].
In AT-specific Ang-2 overexpressed model mice, HFD treatment displayed a healthier expansion
pattern compared with wild-type mice [116]. Whereas, under HFD, the overexpressed Ang-2 in f3-
cells showed deteriorated endothelial inflammation [111]. Furthermore, in the corpus cavernosum of
rats, an elevated Ang-2 was observed before marked changes in blood lipids occur after HFD
intervention [112], which indicates that the increased local Ang-2 expression increased before the
circulation lipids alter. Uniformly, in vitro study has demonstrated that Ang-2 can uptake the fatty
acids in AT depots [16]. This suggests that Ang-2 derived from adipocytes can regulate the
redistribution of free fatty acid, and the circulating elevated Ang-2 might be a sign of ectopic lipid

accumulation that will contribute to metabolic disorders.

Collectively, the above evidence suggests that changes in eating behavior (towards a higher fat diet)
may regulate Ang-2 expression thereby inducing metabolic disorders. However, human-related
research is warranted to explore the effect of an unbalanced diet on Ang-2 regulations, which will be

discussed later in 4.2.2.
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4.1.3 Circulation of Angiopoietin-2 in humans with obesity

Compared to the expression in AT, human studies were mainly focused on changes of Ang-2 in
circulation. From the narrative review, a positive association between Ang-2 levels and obesity have
indicated in several studies, which presented elevated Ang-2 levels with increased bodyweight [ 18—
21,148-150], BMI [19], waist circumference, VAT, pericardial fat, and periaortic fat size [151]. At
first glance, data seem to be not conflicting. Nevertheless, inconsistent Ang-2 levels were shown

between these studies. Several confounders might contribute to the different results.

It has been shown that circulating Ang-2 can be impacted by age with higher levels in older age
[152]. In line with this, there are three studies with children and adolescent subjects [148—150], which
demonstrate remarkably lower Ang-2 levels from the adult-related studies [18-21]. Besides, gender
was found may also contribute to the disparity of Ang-2 levels with higher serum Ang-2 in women
than men [152]. This is parallel to the animal study that higher WAT expression of Ang-2 in females
compared to males. In the narrative review, exclusively all considered studies in humans were
performed in both genders [18-21,148—152], which may contribute to the fluctuation of Ang-2 levels

between studies.

In addition, blood levels of Ang-2 showed remarkable positive associations with major vascular risk
factors such as MetS [27], diabetes [28—30], systolic blood pressure [152], as well as cardiovascular
disease [22-26]. Each of these diseases is precipitated by the dysfunction of the vascular endothelial
cells [67]. It has been known that the impairment of endothelial cells has presented in a very early
phase of obesity [3]. As an endothelial cells’ impairment marker, Ang-2 levels are probably
significantly higher in patients with obese and vascular diseases than patients with simple obesity. In
our review, however, there is no study that was designed to focus only on obesity and thus exclude

patients with obesity and other vascular risk factors. This might to a great extent impact Ang-2 levels.

Last, the measurement kits from different companies used studies could also dramatically impact the
Ang-2 values. However, it can be assumed that within one study only one type of kit was used which
lower in turn the expected variance. In consequence, demographical differences in combination with
variations in methodology in studies may account for inconsistencies in the study results that focus

on Ang-2 in humans with obesity.
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4.2 Experimental studies of circulating Angiopoietin-2 in humans

In our experimental study, we found that Ang-2 shows no diurnal rthythm in circulations, the high fat
diet and sleep intervention in short term and the treatment of OSA in long term did not change Ang-
2 levels in adults. These data are to some extent contradicted to our hypothesis and disparity to some

existing evidence as discussed below.

4.2.1 The diurnal rhythm of Angiopoietin-2 in humans

It has been shown that asynchrony of the circadian clock is associated with increased incidence of
obesity [121]. As an obese-related factor, I hypothesis that Ang-2 may also display a diurnal rthythm.
However, plasma Ang-2 levels had no change between 4 different time points for 24 hours in our
study. We have aforementioned that the circulating leptin exhibits a clear diurnal rhythm [98]. And
Ang-2 mRNA in SAT of morbidly obese patients (BMI >35 kg/m?) was positively related to serum
leptin [17]. It seems that leptin levels could modulate the local expression of Ang-2 in AT, but could
not further influence the Ang-2 levels in circulations. Besides, until now, there is no direct association
between circulating Ang-2 and other hormones with diurnal rhythm such as corticosteroids,
melatonin, growth hormone reported. Thus, stable levels of Ang-2 in circulation were indicated
which provided insight for the following studies that there are no time effects on Ang-2 levels in

healthy control.

4.2.2 Angiopoietin-2 under high fat diet in humans

There is evidence that Ang-2 increases upon HFD in vitro [16] and in animal studies [16,113]. Thus,
we hypothesized that plasma Ang-2 levels would increase after one day of HFD including three times
of meals. However, no difference in Ang-2 has been observed in comparison to the control diet. This
result is in parallel to a study reporting that a single HFD meal induced no differences in Ang-2 6h
post-meal [117]. Due to the deficient of HFD related human studies on Ang-2, a few calories
restriction studies in humans provided some evidence regarding the impact of calory intake on Ang-
2. In obese patients after 3-6-[17] and 12-months [21] of weight loss surgery, serum Ang-2 levels
dramatically decreased [17,21] with reduced bodyweight [17]. These calories restriction human
studies implicating that energy restriction and bodyweight changes could regulate circulating Ang-2
levels. In the above cited single meal study, the amount of the high-fat meal was calculated by 12
kcal per kg of body mass with a mean of 927 kcal of the participants, which was generally
characteristic of the standard meal [117]. In this case, the high calories were excluded which avoided
the cross-influence in calorie changes and fat proportion changes. However, in the single meal study,
standard meal as a control group is lacking. Thus, to make the results more convincing, in our study,
an HFD group and a control diet group were included, and with identical calories between groups.

In addition, we calculated the meals based on subjects resting energy expenditure and corrected them
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with the physical activity level of 1.3 [175]. Furthermore, to avoid the influence by age, gender, and
extra energy expenditure, we included only healthy young men, with no excessive exercise in the
week before and with low physical activity during the study. Thus, unchanged Ang-2 levels between
HFD and control diet in our study suggested that Ang-2 levels might not be modified by high fat
intake without increasing calorie intake, at least in healthy young men. However, whether high
calories could modulate the levels of Ang-2 in humans remains still unclear. To further verify this
question, two more conditions are required in further studies: a) high calories with high-fat proportion
(74% fat, 11% carbohydrate, 15% protein); b) high calories with standard macronutrients (30% fat,
55% carbohydrate, 15% protein). Therefore, that would be helpful to clarify whether high fat or/and

high calories are associated with Ang-2 levels.

In addition, the length of intervention might also contribute to the unchanged Ang-2 levels. An
animal study has shown that the circulating Ang-2 is more stable than Ang-2 expression in AT [16].
Under 3 to 7 days of HFD challenge, the expression of Ang-2 in adipocytes increased, but Ang-2
was unchanged in the systemic circulation [16]. It seems that Ang-2 levels in circulation are less
activated than in AT depots. One day of HFD intervention may not be long enough to induce an
increase in plasma Ang-2 levels. Thus, further studies are required to clarify the modification of Ang-
2 levels under a longer intervention time in humans. To eliminate the bodyweight effects, the proper
length of HFD time would be just before the bodyweights get changed or statistically adjusted the
impacts of bodyweight changes.

4.2.3 Angiopoietin-2 under short late sleep in humans

Study C is the first study, to our knowledge that analyzed the effects of Ang-2 under sleep disruption
condition. After one night of late short sleep, plasma Ang-2 levels were unchanged, which suggests

that one night of sleep disruption might not be strong enough to influence the Ang-2 levels.

First step to get deeper knowledge on Ang-2 upon short sleep conditions would analyze within a
cross sectional study, if Ang-2 is higher in short sleeper than normal sleeper and if Ang-2 is higher

in subjects working on rotating shift as compared to subjects working only during daytime.

Ang-2 has aforementioned more stable in circulation than in local AT [16]. The study in our lab has
shown that WAT under a day of late sleep is not long enough to induce inflammatory and metabolic
disorders, but the gene expression has been modified [126]. The retinol-binding protein 4 is linked
to inflammation and MetS [176]. The study from our lab found that retinol-binding protein 4
expression did not increase after one day of late sleep loss, but SAT gene expression was elevated
[126]. Ang-2 has been found to express the most in SAT [16] and is closely related to inflammation
[9]. Whether Ang-2 mRNA in WAT had been elevated under a short sleep and involved in the

modulation of inflammatory factors would be interesting to explore and need further study to verify.
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4.2.4 Angiopoietin-2 levels in patients with obstructive sleep apnea

It is known that hypoxia status, low-grade inflammation, and oxidative stress are the basic pathologic
status in OSA [90]. Besides, OSA is closely associated with metabolic and cardiovascular risks [177].
It has been shown that Ang-2 was observed positively related to inflammation, hypoxia status
[42,132], and oxidative stress in vitro [133]. Therefore, we hypothesized that the effects of OSA
treatment might impact plasma Ang-2 levels toward lower levels thereby predicting an improvement
of vascular impairments. However, plasma Ang-2 levels did not reach a significant difference over

a year of UAS treatment. Further, there was no association between Ang-2 and AHI.

In contrast to the present study, a close association between blood Ang-2 and AHI in OSA has been
demonstrated in 126 children (age: 7.4+2.0 years) [134]. In this study, plasma Ang-2 and Tie-2 levels
were higher in children with OSA as compared to those without OSA. After 12-16 weeks of
adenotonsillectomy, blood Ang-2 decreased commitment with an improvement in respiratory
consequences of OSA [134]. In the present study part D, 12 months of UAS treatment was utilized,
and thus, the intervention timeline is much longer than in the pediatric study. However, the decrease
of AHI was approximately 50% in our study, while as much as 80% of AHI decreased in the pediatric
study [134]. Therefore, the distinct results in Ang-2 are presumably due to the different degrees of
the AHI improvement. The 50% of AHI improvement may not be strong enough to impact the
changes of Ang-2 in circulation in adult OSA patients. Besides, the subjects we included were limited
to moderate-to-severe OSA patients (AHI 15-65 /h) rather than the randomized patients including
all different severity. Thus, the limited group of subjects might also influence the results. A cohort

including all stages of OSA patients is required to reduce the bias.

Moreover, as aforementioned, blood Ang-2 levels are associated with gender [152], obesity [19], and
metabolic disorders [152]. In our study, a total of 17 patients with OSA included both males and
females. In addition, several subjects who had been diagnosed with obesity, hypertension,
dyslipidemia were included. Thus, characteristics of subjects might influence the consequence to

some extent. Thus, a larger number of subjects with well-controlled confounders is in need.
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4.3 Strengths and limitations

However, the limitations of this study should be noted. First, owing to the relatively small number

of cases, results must be confirmed in larger studies. In our experimental study parts A, B, C, the
unchanged Ang-2 levels might partly be due to the characteristics of subjects that were enrolled, i.e.
healthy young men. The normal range of Ang-2 levels in metabolic healthy young men might be
lower than in older, female, and metabolic unhealthy subjects as discussed on review results before.
Thus, the short diet and sleep intervention were not strong enough to influence the Ang-2 levels
towards significantly higher levels. Longer well-controlled studies under free living conditions are
needed to better understand association with Ang-2 in the longer term. In addition, female subjects
showed more marked differences between normal weight and obesity compared to male subjects [19].
Therefore, the male subjects might not be as sensitive as female subjects after HFD and short late

sleep interventions.

Lastly, a control group is lacking in study D to compare Ang-2 between patients with OAS and
controls without OSA. In addition, a longer intervention time with a more dramatic decrease of AHI
is in need to further explore the association between Ang-2 and OSA. Finally, larger numbers of

patients with OSA and with different severity, i.e. mild sleep apnea (5<AHI<15), moderate sleep
apnea (15<AHI<30), and severe sleep apnea (AHI=30), respectively, [178], and controls the other

confounders are warranted to explain the association between Ang-2 levels and OSA in adults.

4.4 Conclusion

As an endothelial-specific expressed cytokine, Ang-2 has been found closely associated with
inflammation and pathologic angiogenesis in obesity and obesity-related metabolic disorders. In vitro
and animal studies had shed light on the link between Ang-2 and obesity related risk factors such as
high fat intake, sleep loss, and hypoxia states. From our experimental study, circulating Ang-2 shows
no diurnal rhythm. Further, one day of HFD, and sleep intervention did not change Ang-2 levels in
healthy youth men. Lastly, a 50% improvement of AHI cannot impact Ang-2 levels in adult patients
with OSA, and no correlation was found between Ang-2 and AHI. Our study has raised a link between
Ang-2 and obese and obese related risk factors, but Ang-2 levels seem stable in circulation under

some of the obese related risk factors.
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S SUMMARY

Background: The prevalence of overweight and obesity is increasing worldwide. Impaired
endothelial function initiates in a very early phase of obesity and contributed to major mortalities in
obesity. However, the circulating biomarkers of endothelial impairment have not yet been fully
understood. The core cytokine Angiopoietin-2 in the Angiopoietin/Tie pathway has been shown to
play a role in endothelial cells survival and it was found that Ang-2 could induce endothelial cells
impairment. It is known that Angiopoietin is positively correlated with body weight. Therefore, it
can be hypothesized that monitoring circulating Angiopoietin-2 could be relevant to understand
obese-related vascular impairment. However, studies in circulating Angiopoietin-2 in obesity and its

risk conditions in humans are scarce.

Methods: This thesis consisted of two parts. Firstly, a narrative review mainly focused on
Angiopoietin-2 in obesity has been carried out. Then, prior studies of our lab had been used to
investigate Angiopoietin-2 blood levels under four approaches: 1) whether circulating Angiopoietin-
2 has circadian rhythmicity in healthy men; 2) whether blood Angiopoietin-2 can be impacted by a
short high fat diet; 3) whether blood Angiopoietin-2 is altered by short sleep deprivation; 4) whether

blood Angiopoietin-2 decreases after obstructive sleep apnea treatment.

Results: In the narrative review, we demonstrated that Angiopoietin-2 was found weakly expressed
in blood and expressed the most in subcutaneous adipose tissues than other metabolic organs of both
mice and humans. Angiopoietin-2 was found to be influenced by bodyweight, age, and several
cytokines. Pro-longed high Angiopoietin-2 concentration deteriorates endothelial inflammation and
impairs vessel forming capacity and functions in multiple organs. However, Angiopoietin-2 is
necessary for the lipid accumulation in adipose tissues. Furthermore, elevated Angiopoietin-2 levels
were found in obesity and several obese-related diseases in humans and the increased Angiopoietin-
2 were found associated with poor prognosis in most of these diseases. In studies on humans, we
found: i) There is no plasma diurnal rhythm of Angiopoietin-2 in healthy young men. ii) One day of
high fat diet did not affect plasma Angiopoietin-2 compared to control diet in healthy young men. iii)
One night of late short sleep in healthy young men could not change the plasma Angiopoietin-2 levels
as compared to regular sleep. iv) After 12 months of upper airway stimulation treatment, plasma

Angiopoietin-2 levels did not decrease in patients with obstructive sleep apnea.

Discussion: The evidence provided in this thesis will help to a better understanding of the role of
Angiopoietin-2 in obesity and the pattern of blood Angiopoietin-2 in the conditions of several obese
related risk factors. However, the divergence of findings was expressed. In our experimental study,
we found that the levels of Angiopoietin-2 were stable in circulations. But human studies with longer
term intervention with more participants are needed to further explore role of Angiopoietin in obese

related disease.
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