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Abstract

3. Abstract

Obesity and diabetes are major health problems worldwide and the prevalence of these diseases
has constantly been increasing over the last decades. Excess intake of high-caloric food as in
the case of “Western diets” is regarded as one of the main risk factors in the development of

these metabolic diseases.

Maternal obesity and diabetes are associated with adverse pregnancy outcomes for both mother
and offspring. These high-risk pregnancies often involve gestational hypertension,
preeclampsia, gestational diabetes, congenital anomalies, preterm birth and perinatal deaths.
Reactive oxygen species (ROS) and ROS-mediated oxidative stress are believed to play a
crucial role in the development of obesity, diabetes and the concomitant pregnancy

complications.

Although NADPH oxidases represent a major source of ROS, their role in the pathogenesis of

obesity, diabetes and adverse pregnancy outcomes is not completely understood.

The aim of this work was a) to evaluate the role of the NADPH oxidase subunit p22phox in the
development of obesity and diabetes, and b) to investigate its impact on obesity/diabetes-

associated pregnancy complications.

To achieve these goals a high-fat diet (HFD) mouse model in female p22phox-deficient nmf333
mutant and wildtype (WT) mice was established. Mice were fed with HFD for 20 weeks and
during pregnancy. Controls chowed regular food (normal-fat diet, NFD). At the age of 25 weeks
mice were mated. Dissection was performed at gestational day (GD) 17.5. It was shown that
WT mice with functional p22phox developed an obese phenotype in response to 20 weeks of
HFD compared to the nmf333 HFD group. In addition, WT HFD mice presented signs of
glucose intolerance, increased fasting blood glucose levels, and insulin resistance compared to
WT NFD fed mice and nmf333 HFD littermates. Glucose intolerance in WT HFD mice was
maintained during pregnancy. Moreover, livers of pregnant WT HFD mice exhibited signs of
non-alcoholic fatty liver disease (NAFLD) in transition to non-alcoholic steatohepatitis (NASH)
and oxidative stress whereas nmf333 HFD mice remained unharmed. Fetal death rate was
significantly higher in WT HFD mice compared to nmf333 HFD mice. Fetal mass and
fetal/placental mass ratio were significantly lower in WT HFD pregnancies than in nmf{333
HFD pregnancies. Upon analysis of the placenta, we could demonstrate that placentas of WT
HFD mice but not of nmf333 HFD mice showed a significant increase in ROS-mediated

placental lipotoxicity as well as vascular remodeling. Finally, this study demonstrated that
8



Abstract

oxidative stress and lipid accumulation was also increased in fetal livers of WT HFD but not of

nmf{333 HFD dams.

In conclusion, this work showed that p22phox promotes HFD-induced obesity and obesity-
related diseases such as type 2 diabetes mellitus and NAFLD/NASH, and impairs fetal survival
via intrauterine growth restriction and fetal deaths, due to increased oxidative stress, lipotoxicity

and placental vascular remodeling.



Introduction

4. Introduction

4.1. Obesity

Obesity is one of the leading health problems worldwide [2]. It is described as a medical
disorder that is not only a disease by itself but also leads to severe comorbidities [3]. The World
Health Organization (WHO) defines obesity as a body mass index (BMI) > 30.0 kg/m? and
subdivides it into 3 different grades of obesity: 1 (BMI 30.0 to < 35.0 kg/m?), 2 (BMI 35.0 to <
40.0 kg/m?) and 3 (BMI > 40.0 kg/m?). Overweight on the other hand is defined as BMI > 25.0
to < 30.0 kg/m? [4].

4.1.1. Epidemiology

According to WHO the worldwide prevalence of obesity has constantly been increasing, nearly
tripling since 1975 [4]. In 2016 almost 2 billion adults were overweight and among them over
650 million were obese. These numbers equate to 39% of the global adult population being
overweight and 13% being obese [1, 4]. But not only adults have been facing this global threat,
even childhood overweight and obesity has become a major problem. In 2019 approximately
38 million children aged < 5 years have been considered overweight or obese. Between 5-19
years old children and adolescents, the prevalence even reached 340 million which is more than

four times higher than in 1975 (2016) [4].

Estimates suggest that by 2025 2.7 billion adults will be overweight, over 1 billion adults will
be affected by obesity and among them 177 million will be severely obese, if the current trend

1s maintained [2].

4.1.2. Obesity as primary risk factor for metabolic syndrome

Body fat distribution has been associated with different comorbidities. While adolescent truncal
subcutaneous fat accumulation positively correlates with the development of atherosclerosis in
adulthood, central fat accumulation on the other hand is associated with insulin resistance [5].
However, abdominal obesity can be seen as the key trigger for the so-called metabolic
syndrome, a cluster of several severe clinical conditions consisting of abdominal obesity
alongside excessive waist circumference, systemic hypertension, insulin resistance or type 2

diabetes mellitus and atherogenic dyslipidemia such as impaired triglycerides or HDL
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cholesterol [3, 6, 7]. Metabolic syndrome has become a rising challenge of modern world.
Initially being a disease of the Western world, it has now become a global problem due to the
rapid spread of “westernization”. The risk underlying this syndrome comprise the retention and
promotion of high-morbidity diseases such as type 2 diabetes mellitus, coronary artery diseases

and stroke, making it a challenge for both health care and economy [8].

4.2. Diabetes mellitus

Diabetes mellitus comprises a group of heterogeneous diseases characterized by chronic
hyperglycemia. It has long been subdivided into type 1 diabetes, type 2 diabetes and gestational
diabetes, but several more uncommon forms of diabetes have been confirmed and added to this

syndrome in the last decade [9, 10].

4.2.1. Epidemiology

Diabetes mellitus is considered as a major global health threat. 1 in 11 adults worldwide suffer
from diabetes mellitus, amongst them 90% have type 2 diabetes mellitus, making it the main

pillar in the rapidly emerging global epidemic of this disease [10, 11].

4.2.2. Clinical classification

The WHO classifies diabetes mellitus into six main categories which are type 1 and type 2
diabetes, hybrid forms of diabetes, other specific types of diabetes, unclassified diabetes and
hyperglycemia during pregnancy (Table 1) [12].

4.2.3. Clinical appearance and diagnosis

Given the rising incidences of type 2 diabetes mellitus (T2DM) and gestational diabetes
mellitus (GDM) the healthcare system is faced with the importance of early and accurate

diagnosis.

4.2.3.1. Type 2 diabetes mellitus

Type 2 diabetes mellitus (T2DM) is the most common type of diabetes, usually arising after 40
years of age [1, 13]. Individuals suffering from T2DM exhibit increased insulin resistance in

skeletal muscle and liver as well as impaired B-cell function [1, 14]. The former is compensated
11
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by increased B-cell secretion of insulin, but glucose intolerance and consequently chronic
hyperglycemia arise once the pancreatic -cells fail to cope with the increased requirement of
insulin, eventually leading to diabetes [14, 15]. Studies have demonstrated that patients display
declining insulin sensitivity already decades before onset of T2DM, alongside gradually
increasing fasting and postprandial hyperglycemia [16]. At the present, age and obesity are
regarded as major risk factors for T2DM. Especially obesity leads to changes in the insulin-
signaling pathway causing increased insulin resistance of tissues [9]. Upon recommendation of
the American Diabetes Association (ADA), diabetes can be diagnosed by means of plasma
glucose or HbAlc values [17], the latter being a glycated hemoglobin and an accepted
diagnostic test for T2DM as well as a clinical parameter for glycemic control in diabetic patients
[18] (Table 2).

Since 1980 the number of people with T2DM has been steadily growing; while in 1980s the
number comprised 108 million, in 2014 it already reached 422 million. Worldwide, the
prevalence of T2DM in adults adds up to 8.5% (2014) [19].

Type of diabetes

Brief description

Type 1 diabetes
Type 2 diabetes

Hybrid forms of diabetes
Slowly evolving, immune-
mediated diabetes of adults
Ketosis-prone type 2 diabetes

Other specific types
Monogenic diabetes
- Monogenic defects of
B-cell function
- Monogenic defects in
insulin action
Diseases of the exocrine
pancreas
Endocrine disorders

Drug-or chemical-induced
Infection-related diabetes
Uncommon specific forms of
immune-mediated diabetes
Other genetic syndromes
associated with diabetes
Unclassified diabetes

B-cell destruction (mostly immune-mediated) and absolute insulin
deficiency; onset most common in childhood and early adulthood
Most common type, various degrees of B-cell dysfunction and insulin
resistance; commonly associated with overweight and obesity

Previously referred to as latent autoimmune diabetes of adults
(LADA)

Presents with ketosis and insulin deficiency but later does not require
insulin; not immune-mediated

Caused by specific gene mutations

Various conditions that affect the pancreas can result in
hyperglycemia (trauma, tumor, inflammation, etc.)

Occurs in diseases with excess secretion of insulin-antagonistic
hormones

Can impair insulin secretion or destroy p-cells

Some viruses are associated with direct 3-cell destruction

Associated with rare immune-mediated diseases
Genetic disorders and chromosomal abnormalities

Diabetes which does not clearly fit into other categories

Hyperglycemia first detected during pregnancy
Diabetes mellitus in pregnancy | Type 1 or type 2 diabetes first diagnosed during pregnancy

Gestational diabetes mellitus

Hyperglycemia below diagnostic thresholds for diabetes in

pregnancy

Table 1: Clinical classification of diabetes mellitus. Adapted after [12].
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Accompanied by a concomitant increase in premature mortality, approximately 1.6 million
deaths were estimated to be caused directly by diabetes mellitus in 2016 and 2.2 million to be
brought on by high blood glucose in 2012. Hence, diabetes is regarded as one of the worldwide
leading causes of death [19].

FPG 2 126 mg/dL (7.0 mmol/L). Fasting is defined as no caloric intake for at least 8 h.
Or
2-h PG 2 200 mg/dL (11.1 mmol/L) during OGTT. The test should be performed as described by the
WHO, using a glucose load containing the equivalent of 75 g anhydrous glucose dissolved in water.
Or
HbA1c 2 6.5% (48 mmol/mol). The test should be performed in a laboratory using a method that is
NGSP certified and standardized to the DCCT assay.
Or
In a patient with classic symptoms of hyperglycemia or hyperglycemic crisis, a random PG 2
200mg/dl (11.1 mmol/L).
Table 2: Criteria for the diagnosis of diabetes. Adapted after [17]. Abbreviations: DCCT - Diabetes
Control and Complications Trial; FPG - fasting plasma glucose; OGTT - oral glucose tolerance test; PG
- plasma glucose.

4.2.3.2. Gestational diabetes mellitus and type 2 diabetes mellitus in

pregnancy

As one of the most common medical complications of pregnancy gestational diabetes mellitus
(GDM) is defined as hyperglycemia that evolves during pregnancy but disappears after birth.
Currently, several conditions are regarded as major GDM risk factors including maternal
overweight and obesity, advanced age at gravidity, previous history of GDM, family history of
T2DM and ethnicity [20]. WHO comprises two groups under the term “hyperglycemia first
detected during pregnancy” (Table 1).

One is diabetes mellitus (type 1 or type 2 diabetes) in pregnancy which is defined by the same
diagnosis criteria as in the non-pregnant; the other is named gestational diabetes where
hyperglycemia is lower than the defined glucose threshold values [12]. At present, two
equivalent strategies for screening and diagnosis of GDM are approved (Table 3). The “one-
step” method involves a 75-g OGTT at 24-28 weeks of gestation recommended by the IADPSG.
The older “two-step” method, consisting of a screening test followed by a diagnostic test, comes
with a 50-g (non-fasting) glucose challenge test (GCT) and is complemented with a 100-g
OGTT if the GCT exceeds the defined glucose threshold [17, 20].
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One-step method

75-g OGTT. At 24-28 weeks of gestation in women not previously diagnosed with diabetes;
performed in the morning after an overnight fast of at least 8 h.
The diagnosis of GDM is made when any of the following plasma glucose values are met or
exceeded:

e Fasting: 92 mg/dl (5.1 mmol/L)

e 1h:180 mg/dl (10.0 mmol/L)

e 2 h: 153 mg/dl (8.5 mmol/L)

Two-step method

Step 1: 50-g GCT (non-fasting). At 24-28 weeks of gestation in women not previously diagnosed
with diabetes.

If plasma glucose level measured after 1 h is =2 130, 135, or 140 mg/dL (7.2, 7.5, or 7.8 mmol/L),
proceed to 100-g OGTT.

Step 2: 100-g OGTT (fasting).
The diagnosis of GDM is made when at least two of the following four plasma glucose levels are
met or exceeded:

e Fasting: 95 mg/dl (5.3 mmol/L)

e 1 h: 180 mg/dl (10.0 mmol/L)

e 2 h: 155 mg/dl (8.6 mmol/L)

e 3 h:140 mg/dl (7.8 mmol/L)

Table 3: Screening methods for diagnosis of GDM. Adapter after [17]. Abbreviations: OGTT, oral
glucose tolerance test; GCT, glucose challenge test.

4.3. Comorbidities and adverse outcomes associated with obesity

and type 2 diabetes mellitus

Obesity and T2DM are, however, often accompanied by additional metabolic comorbidities
and possible adverse outcomes, which independently contribute to the global health burden,

and on the other hand can even affect the offspring.

4.3.1. Development of fatty liver disease

Concomitant to the continuous rise of metabolic diseases such as obesity, metabolic syndrome
and T2DM, associated liver abnormalities such as non-alcoholic fatty liver disease (NAFLD),
and the more severe non-alcoholic steatohepatitis (NASH) have also been shown to exert a
growing influence on the world health. The worldwide prevalence of NAFLD was estimated to
be 24% in 2016 [21] with the highest numbers present in the Middle East (~32%) and South
America (30,45%), followed by Asia (27%) as well as the US (24,13%) and Europe (23,71%)
[22]. NAFLD/NASH cases are estimated to further increase over the next decades with 100.9
million NAFLD and 27 million NASH cases by 2030 merely in the US. In parallel, the
incidence of decompensated liver cirrhosis is forecasted to increase by 168% and that of
hepatocellular carcinoma (HCC) by 137%, leading to growing numbers of excess liver deaths

[23].
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The term NAFLD comprises the spectrum of fatty liver, steatohepatitis and liver cirrhosis
individuals without significant alcohol consumption. It can become manifest in non-alcoholic
fatty liver (NAFL) with only hepatic steatosis or more severe NASH with inflammation and
hepatocytic damage [24]. The latter is furthermore accompanied by fibrosis that can progress
to cirrhosis and concomitant adverse hepatic outcomes such as liver failure, need for
transplantation and liver cancer (Table 4) [24, 25]. NAFLD is often (incidentally) diagnosed
via non-invasive imaging techniques, for example ultrasound, CT and MRI. Clinical features
such as the presence of metabolic comorbidities or elevated liver enzymes can contribute to the
diagnosis [25]. NASH on the other hand requires a liver biopsy for definite diagnosis which in

addition enables to determine the grade of fibrosis [25].

NAFL Presence of hepatic steatosis with no evidence of hepatocellular injury in the
form of ballooning of the hepatocytes or no evidence of fibrosis. Minimal risk
of progression to cirrhosis and liver failure.

NAFLD Entire spectrum of fatty liver disease without significant alcohol consumption,
ranging from fatty liver to steatohepatitis and cirrhosis

NASH Presence of hepatic steatosis and inflammation with ballooning with or without
fibrosis. Progression to cirrhosis, liver failure and liver cancer possible.

NASH Cirrhosis Presence of cirrhosis with current or previous histological evidence of steatosis

or steatohepatitis
Table 4: NAFLD and related definitions. Adapted after [24].

Major risk factors in the development of NAFLD and NASH are the presence of metabolic
syndrome and T2DM [26]. Thereby, the association between NAFLD and the metabolic
syndrome is presumed to be bidirectional, implying that NAFLD could predispose to the
development of metabolic syndrome features, which on the other hand could exacerbate
NAFLD or increase the risk of development in individuals without a pre-existing diagnosis [26].
Furthermore, individuals suffering from T2DM are regarded as high-risk groups. Many studies
have identified a higher prevalence of NAFLD in patients with T2DM [27-30]. In addition,
patients with T2DM and NAFLD also show a higher incidence of NASH and advanced liver
fibrosis [31, 32].

4.3.2. Effect of obesity and type 2 diabetes mellitus on mother and offspring

In pregnancy the placenta is the key organ essential for the maternal-fetal supply of oxygen and
nutrients to the developing fetus. The placenta uses maternal resources for its own supply but
at the same time allows fetal growth, mediating maternal metabolic disturbances on the fetus
[20]. These metabolic changes mainly include hyperglycemia, elevated fatty acids and amino

acid concentration in the maternal circulation [20].
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Contents of the following paragraphs have been submitted for publication [1].

Maternal obesity is associated with adverse outcomes both for mother and offspring. Pregnant
women with increased bodyweight are more likely to develop maternal pathologies such as
gestational hypertension, preeclampsia or gestational diabetes, but also hold greater risks for
the offspring such as fetal growth restriction, preterm birth, fetal adiposity, congenital
anomalies and perinatal death [1, 33, 34]. Furthermore, placentas of overweight and obese
women have been described to be heavier at birth and to exhibit an increased amount of lipids,
macrophages and proinflammatory mediators [35]. Studies of obesity in animal models have
shown a decrease in birth and fetal weight and alterations in glucose homeostasis and endocrine

metabolism in offspring [36, 37].

Hyperglycemia during pregnancy has also been described to affect both mother and offspring.
Maternal outcomes comprise short- and long-term risks such as preeclampsia, cesarean section,
future diabetes and cardiovascular complications later in life [1, 38-41]. Embryonic and fetal
complications include anomalies of the cardiovascular and neural tube system, but also preterm
delivery, congenital anomaly and stillbirth [42-44]. Similar findings were observed in the
Hyperglycemia and Adverse Pregnancy Outcome (HAPO) Study, a worldwide study
comprising more than 25.000 pregnant women. Primary and secondary outcomes included
increased birth weight, primary cesarean delivery, clinical neonatal hypoglycemia, premature
delivery, shoulder dystocia or birth injury, as well as need for intensive neonatal care and
preeclampsia [45]. Furthermore, animal models of diabetic embryopathy have shown the
association of maternal hyperglycemia to increased fetal teratogenesis and congenital

malformations, especially of the cardiovascular system [46-48].

The causative underlying mechanisms of these adverse pregnancy outcomes are thought to be
linked to oxidative stress [1, 49]. Excessive reactive oxygen species have been described in
obesity and diabetes [1, 50, 51] and accumulating evidence points to an association between

reactive oxygen species and pregnancy complications [1, 52, 53].

4.4. Reactive oxygen species and NADPH oxidases

Reactive oxygen species (ROS) play an important role in mediating both physiological and
pathophysiological signal transduction. They are produced in various subcellular compartments
such as the cytoplasm, cell membrane, the ER, mitochondria and peroxisomes [54-56]. Because

of their high reactivity, ROS can easily interact with many cellular molecules including nucleic
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acids, proteins and lipids, hereby causing damage to the cells [57]. Yet, ROS have also been
described to be fundamental for cellular homeostasis by promoting cell survival, cell growth,
differentiation and immune signaling [56]. Hence, a balance between oxidants and antioxidants
is crucial for maintaining normal cellular function, given that any disruption will lead to

oxidative stress and subsequent human diseases [57].

4.4.1. Different types of reactive oxygen species

Contents of the first paragraph have been submitted for publication [1].

ROS are a group of highly reactive, oxygen-composed molecules generated by the partial
reduction of oxygen [1, 56]. They can be classified into two types: 1) species with unpaired
electrons (free oxygen radicals), such as: superoxide anion (O>"") and hydroxyl radical (OH"),

and 2) non-radicals: e.g. hydrogen peroxide (H202) [1, 58].

0" can be reduced either spontaneously or through a reaction with superoxide dismutase
(SOD), through the Haber-Weiss reaction [59, 60], or in reaction with nitric oxide radical (NO")
[61]. H2O> can react with reduced transition metals — called the Fenton reaction [62] — to form

OH" and OH™ or OOH" and H", when combined with Fe? or Fe**, respectively [61].

4.4.2. NADPH oxidases

Contents of this chapter have been submitted for publication [1].

NADPH oxidases are a family of membrane-bound enzymes which produce superoxide anion
(O2") with NADPH serving as electron donor [1, 63]. The phagocyte NADPH oxidase was the
first identified NADPH oxidase, which plays a decisive role in the innate immune defense

against bacteria [64].

The heterodimeric membrane-bound core catalytic complex of phagocyte NADPH oxidase,
referred to as cytochrome b558, consists of two proteins: p22P"°* and NOX2 (formerly known
as gp91P"¥). The enzyme activity is tightly regulated by several cytosolic proteins, termed
p47P% p40Phox p67PhxX and the GDP-bound GTPase Rac [65]. Phosphorylation of p47°"* leads
to enzyme activation and translocation of the cytosolic proteins to the membrane. Electron
transfer is then induced upon assembly of the heterohexameric enzyme complex, more precisely

upon interaction between p67°"* and active, GTP-bound Rac with the cytochrome (Fig.1) [66].
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Over the time homologous proteins to NOX2 have been identified [63]. NOXI1, previously
termed as mox1, was first cloned in 1999 [67]. It was found to be mostly expressed in colon,
prostate and vascular endothelial cells, but not in leukocytes [67]. Subsequently, more
homologs i.a. NOX3, NOX4, NOX5 [68] as well as DUOX1 and DUOX2, initially described
as thyroid oxidases [69], were discovered. Together, they form the family of NADPH oxidases.

Extracellular
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Figure 1. Structure of phagocytic NADPH oxidase.

In resting cells, gp91Ph°* and p22P"* form the membrane-bound cytochrome b558. Upon activation the
cytosolic subunits p40P°x, p47°hox p67Phox and Rac translocate to the membrane to form the activated
NADPH complex. Adapted from [70].

All seven homologs are characterized by a multi-protein complex, however, differences in their
membrane localization and protein components have been observed (Fig. 2) [1, 71]. The
conserved structural domains include: (1) a COOH-terminus containing a NADPH-binding site
and a FAD-binding site, (2) six conserved transmembrane domains, and (3) four heme-binding
histidines, thereof two in the third and two in the fifth transmembrane domain. Some family
members contain additional features, such as EF-hands or an additional NH>-terminal

transmembrane domain [1, 63, 71].

4.4.2.1. The NOX homologs

The prototype of NADPH oxidases contains NOX2 as the catalytic subunit and was termed
phagocyte NADPH oxidase due to its expression in phagocytes. Providing a respiratory burst
response, NOX2-containing NADPH oxidases serve as essential players in the innate immune

defense against phagocytosed bacteria [64]. Mutations in the CYBB gene coding for NOX2
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result in chronic granulomatous disease [72]. But expression of NOX2 has also been reported
in other non-phagocytic cells, such as neurons, cardiomyocytes, vascular smooth muscle and

endothelial cells, skeletal muscle cells and hepatocytes [63].

NOX1 was the first homolog of NOX2 that was described [67], and was initially named mox1.
Its mRNA was found to be expressed in colon, prostate, uterus, vascular smooth muscle cells,
but not in phagocytes [67]. Similar to the active NOX2-containing complex, functional NOX1-
containing NADPH oxidases require cytosolic subunits, NOXO1 and NOXA1, homologs of
p47°"% and p67°"* along with membrane-bound p22P"* and GTPase Rac for full activation
(Fig. 2) [71, 73]. NOXI1 activity has been associated with various physiological and
pathophysiological mechanisms, e.g. immune defense in inflammatory bowel disease,
regulation of smooth muscle growth, blood pressure and neural differentiation but also with

increased cell proliferation resulting in cancer, especially colon adenocarcinoma [71].

NOX3 has been initially identified in fetal organs [68]. In the adult, it is highly expressed in
specific portions of the inner ear, namely the vestibular and cochlear sensory epithelia [74].
Vestibular defects of the mutant “head-tilt” mice (R96, R542 and vst mutant mice) were
described as a consequence of mutations in the NOX3 gene [75]. Additional cytosolic subunits
or Rac are not needed for basal activity, however their presence leads to enhanced NOX3

activity [63, 71, 74].

The NOX4 homolog was originally described to be mainly expressed in the kidney [76, 77].
With approximately 37% similarity to NOX2 it is more distant than NOX1 and NOX3 [65].
NOX4 mRNA expression has been found in various other tissues such as osteoclasts,
endothelial, smooth muscle and hematopoietic stem cells, fibroblasts, neurons, keratinocytes,
and melanoma cells [63]. Its function has been associated with cell differentiation, cell survival
and migration, insulin signaling, apoptosis and oxidative stress in cardiac dysfunction [71].
NOX4 is a p22P"°*.dependent enzyme, but does not require cytosolic subunits or Rac for its

function [63]. In contrast to the other enzymes, it has been discussed to also generate H>O» [78].

NOXS5 was discovered in 2001 by two different groups [68, 79]. It is the most distant isoform
with only 27% similarity to NOX2 [65]. To date five splice variants have been described [80].
In contrast to other homologs, NOX5 does not require p22P'°* or other cytosolic subunits for
activation [81]. Instead, it possesses an intracellular NH,-terminus with a Ca?*-binding EF-hand

domain (Fig. 2) [79, 81]. NOXS5 mRNA has originally been described to be mainly expressed
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in testis, spleen and lymph nodes, but NOXS5 variants have also been discovered in endothelial

cells [68, 79, 82].
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Figure 2. The NOX homologs and their structure.

(A) All NOX homologs consist of six transmembrane domains and a NADPH/FAD site at the COOH
terminus. (B) Additional proteins needed for activation of certain members include p22Pho, p67Pox,
p47Ph% p40Px as well as Rac. Adapted from [63].
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DUOX1 and DUOX2 (also known as thyroid oxidases) differ from the NOX isoforms by
possessing a seventh transmembrane domain and an extracellular peroxidase domain in addition
to the Ca?"-binding EF-hand domain which is also present in NOX5 [69]. Similar to NOXS,
DUOX1/2 function is not fully dependent on p22P"** [83, 84]. DUOX1 and DUOX2 have been
found to be highly expressed in the thyroid, airway epithelia and the prostate [69, 84-86].

4.4.2.2. The subunit p22phox

Parts of the first paragraph have been submitted for publication [1].

p22phox is a membrane-bound subunit, crucial for the activation of NOX1-4 [1, 87-90]. It
forms the flavocytochrome b558 together with NOX2 [91]. In humans the gene for p22phox,
CYBA, is located on chromosome 16 [1, 63]. Mutations in the CYBA gene can lead to chronic
granulomatous disease [1, 92]. Previous studies have reported ubiquitous expression of
p22phox mRNA [93-95]. Major functions of p22phox comprise binding to NOX proteins for

their stabilization, and interaction with cytosolic subunits [63].

However, NOX5 forms an exception since its activation is mainly regulated by Ca®"
concentration [81]. As for DUOX1/2, a potential requirement of p22phox for enzyme activation
is still under debate since DUOX has been demonstrated to coimmunoprecipitate with p22phox,
but no evidence for enhanced DUOX activity when co-expressed with p22phox has been

provided so far [84, 96, 97].

Taken together, p22phox plays a major part in activation of most NOX isoforms.

4.4.3. Other sources of reactive oxygen species

While NADPH oxidases serve as a major source of enzymatically generated ROS, the latter can
also be produced non-enzymatically. On an intracellular level the mitochondrial respiratory
chain is primarily responsible for the production of ROS [98-100]. The electron transport chain
consists of four complexes, namely complex I-IV, with complexes I and III being major sites
of superoxide formation mainly due to leaking electrons [101-103]. However, mitochondrial
enzymes such as the nitric oxide synthase, a-ketoglutarate dehydrogenase, 2-oxoacid
dehydrogenase and pyruvate dehydrogenase also considerably contribute to the production of

superoxide radicals and hydrogen peroxide [104-106].
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In addition, ROS can also be generated in various cellular compartments aside from
mitochondria. These include the ER, lysosomes and peroxisomes [103]. The latter participates
in lipid metabolism and is able to produce H>O> [107]. Interestingly, peroxisome-generated
H>0O:> has been shown to play a major part in non-esterified fatty acid-mediated lipotoxicity of

pancreatic B-cells [108].

4.4.4. Role of reactive oxygen species in the development of obesity and type

2 diabetes mellitus

Contents of the following two paragraphs have been submitted for publication [1].

Oxidative stress and ROS are involved in the pathogenesis of various diseases such as obesity,
diabetes and cardiovascular disorders [1, 109-111]. Excess energy supply which is common in
obesity can lead to mitochondrial dysfunction and increased ROS signaling [1, 50, 112].
Previous evidence has shown that high-fat diet/obesity increases ROS production which is
associated with disturbed mitochondrial integrity [113, 114]. In addition to defects in
mitochondrial metabolism, NADPH oxidases also play a significant role in extensive
superoxide production in obesity and the metabolic syndrome [109, 115, 116]. Furthermore,
peroxisomes are presumed to considerably contribute to increased ROS signaling in obesity

[117].

ROS generation is also increased in obesity-related diseases such as T2DM. T2DM is
characterized by insulin resistance and pancreatic B-cell dysfunction, and ROS have been
shown to participate in the progression of both [118, 119]. The underlying mechanisms
comprise the production of advanced glycation end products (AGE) and ROS by the glycation
reaction and activation of the electron transport chain, both in consequence of hyperglycemia
[120]. Furthermore, membrane-bound NADPH oxidases are stimulated by AGEs and high
insulin levels, thereby contributing to the accumulation of ROS [120]. Enhanced activity of the
mitochondrial respiratory chain and NADPH oxidases are believed to be the major sources of
ROS in pancreatic B-cells [1, 121], promoting glucose toxicity in these cells [122, 123].
Moreover, expression of ROS markers has been found to be increased under diabetic conditions
[124]. Lipotoxicity is also accused of promoting -cell dysfunction. High concentrations of free
fatty acids (FFA) have been shown to induce ROS production in pancreatic islets, contributing

to the disruption of insulin secretion and B-cell deterioration [125-127].
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5. Aim of the study

Obesity and diabetes are major health problems worldwide and the number of patients suffering
from these diseases is continuously increasing. Intake of high-caloric food describes one of the
main risk factors in the development of these metabolic diseases. Maternal obesity and diabetes
are associated with adverse pregnancy effects for both mother and offspring. ROS and ROS-
mediated oxidative stress are believed to play a crucial role in the pathogenesis of obesity and
T2DM and to contribute to adverse pregnancy outcomes associated with these diseases.
NADPH oxidases are considered a major source of ROS generation. p22phox is an essential
subunit of several members of the NOX family. However, the particular link between

obesity/T2DM and p22phox-dependent NADPH oxidases is not completely understood.

The aim of this work is therefore to assess the role of p22phox in the development of obesity
and diabetes in vivo and to evaluate potential adverse effects on pregnancy. Specifically, the

following questions are addressed:
Is p22phox involved in the development of HFD-induced obesity and T2DM?
Does p22phox contribute to the development of GDM during pregnancy?

Does p22phox play a role in potential adverse effects during pregnancy and how do they

manifest themselves?
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6. Materials and Methods

6.1. Materials

6.1.1. Equipment: Laboratory

Item Supplier
Adjustable volume pipettes Gilson

Analytical balance BP 301S Sartorius
Analytical balance BP 4100S Sartorius

Analytical balance EMB-220-1
Analytical balance PCB 350-3
Anesthetizing box

Aperio AT2 digital slide scanner
Axiocam 506 color

Axioscope 2 801672

Bel-Art mouse restrainer w/ dorsal access

Bonn artery scissor with ball tip 9cm 14086-09

Capsulefuge PMC-060
Centrifuge Biofuge pico
Centrifuge Biofuge fresco
Centrifuge Biofuge stratos
Centrifuge Megafuge 1.0R
Cooling Plate COP 20

Cooling Plate COP 30
Cryostat Leica CM 1850
Dewar carrying flask

Digital Caliper

Electrophoresis chambers

Fine scissor

Forceps

Gel Doc 2000

Gene-Disc heat sealer HS-01
Glass jar DURAN®
Herafreeze ultra-low temperature freezer
Herasafe biological safety cabinet
Incubator Kelvitron

Leica HI 1220 flattening table
Leica MZ7.5 stereomicroscope
Liebherr Comfort refrigerator
Lightsource Spectra X
Magnetic stirrer MR 3000
MED-100 fridge

Microm AP 280-2 tissue embedding system

Microm STP-120 spin tissue processor
Microplate reader “Safire”

Kern & Sohn GmbH
Kern & Sohn GmbH
Harvard Apparatus
Leica Biosystems
Zeiss

Zeiss

Fisher Scientific
Fine Science Tools
TOMY Digital Biology
Heraeus

Heraeus

Heraeus

Heraeus

Medite

Medite

Leica Biosystems
KGW Isotherm
Unknown

Bio-Rad

Fine Science Tools
Fine Science Tools
Bio-Rad

Corbett Research
Schott AG

Thermo Scientific
Thermo Scientific
Heraeus

Leica Biosystems
Leica Microsystems
Liebherr

Lumencor

Heidolph Instruments
Kirsch

Microm

Microm

Tecan
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Microtome HM 355S

Microwave Severin 900 & Grill
Nano Drop 2000c

Objective plan 1.0x 10446275
Olympus IX83 inverted microscope
OneTouch Verio IQ blood glucose meter
OneTouch Verio test strips
OptiMOS sCMOS camera

O/R light Hanaulux 2003

PH meter, GLP pH540

Pipette “Multipette plus”

Pipette “Pipetman”

Pipette “Pipetus”

Pipette ,,Pipetboy acu*

Plate shaker Polymax 1040

Power supply, Power Pac 200
Power supply, Power Pac 300
Roller mixer RM 5 No. 348

Roller mixer LLG-uniROLLER 6 digital
Scanner WF-2630

Shaker IKA MTS 2 electronic
Shaker IKA MTS 4 electronic
Sonopuls ultrasonic homogenizer
Spring scissor

Staining jar according to Hellendahl
Staining jar with glass tray
Thermocycler GeneAmp PCR System 9700
Thermomixer comfort 1,5ml

Tissue Float Bath 1052

Tube Rotator Type 3000 A251258
Versilic hand protector 161090

Thermo Fisher Scientific
Severin

Thermo Fisher Scientific
Leica Microsystems
Olympus

OneTouch

OneTouch

QImaging

Heraeus

WTW

Eppendorf

Gilson

Hirschmann Laborgerite
Integra Biosciences
Heidolph Instruments
Bio-Rad

Bio-Rad

Assistant

LLG Labware

Epson

IKA

IKA

Bandelin

Fine Science Tools
DWK Life Sciences
Marienfeld Superior

Applied Biosystems Life Technologies

Eppendorf

GFL GmbH

Frobel Labortechnik GmBH
Saint Gobain

Video copy processor P91W Mitsubishi
Vortex-Genie 2 Scientific Industries
X-ray cassettes IEC 60406 Kisker Biotech
6.1.2. Equipment: Animal facility
Item Supplier
Bottle with cap Tecniplast
Breeding feed for mouse V1124-300 Ssniff Spezialdidten GmbH
Cage lid Tecniplast
Double sided changing station C S5 Tecniplast
EF D12492 (II) mod. 60kJ% fat diet Ssniff Spezialdidten GmbH
Inner fitting lid Tecniplast
IVC Tecniplast
IVC Racks Tecniplast

Maintenance feed for rat/mouse V1534-300
SkyFlow
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6.1.3. Laboratory consumables

Item

Supplier

Aluminium foil

Amersham Protran 0,45um nitrocellulose
blotting membrane

Aquatex

BD Microlance 3 needles 26G
Cellstar cell culture multiwell plates
Cryobox

CryoPure tube

Entellan new

Eppendorf tubes

Falcons

Falcon pipettes

Gloves (latex)

Gloves (nitril)

Kimtech Science Precision Wipes
Metal base molds

Microscope cover glasses 24x60mm
Microscope slides Menzel-Gldser
Microscope slides SuperFrost Plus
Microtome blades C35

Mini Super HT pap pen

Mounting Medium

Multi-Adapter

Nail polish

Paraffin

Peel-A-Way® Embedding Mold (truncated)
Petri dish

Pipette filter tips

Pipette tips

Plastic transfer pipettes

Reaction tubes, 4-stripe

Reaction tubes, 8-stripe

Rotilabo tissue embedding cassettes K116.1
Slidebox 100 place HS15994C
S-Monovette, EDTA

Surgical Disposable Scalpel
Syringe, sterile

Syringe filter, sterile, 0.22 um
Tissue-Tek Cryomold molds
Tissue-Tek O.C.T. Compound
Whatman filter paper 30mm 19,0cm x 100m
WypAll Towels
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Carl Roth
GE Healthcare Life Sciences

Merck

BD Medical
Greiner Bio-One
Kisker

Sarstedt

Merck

Eppendorf

BD Biosciences
BD Biosciences
Sempermed
Kimberly-Clark
Kimberly-Clark
Leica Biosystems
VWR

Thermo Scientific
VWR

Feather

Biotium

Dako

Sarstedt

Various brands
Merck
Polysciences

Fisher Scientific
Biozym Scientific
Gilson

Thermo Fisher Scientific
Biozym Scientific
Thermo Fisher Scientific
Carl Roth
Heathrow Scientific
Sarstedt

B. Braun

B. Braun

Merck Millipore
Sakura Finetek
Sakura Finetek

GE Healthcare Life Sciences
Kimberly-Clark
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Chemical/ Reagent Supplier

Acetic acid glacial Carl Roth

Acetone Sigma Aldrich

Agarose Standard Carl Roth

Albumine Fraction V (pH 7.0) AppliChem

Amido black 10 B Carl Roth

Bond Breaker Thermo Fisher Scientific
Bromophenol blue Sigma Aldrich

CaCl, Sigma Life Science

Cell Lysis Buffer (10x) #9803
Clear-Rite 3

p-Coumaric Acid

Dako Wash Buffer 10x
DMSO

Direct Red 80

Dithiothreitol

DPBS, w/o: Ca and Mg, sterile filtered

D-(+)-Glucose

D-(+)-Sucrose for molecular biology

EDTA

Eosin G 0,5%, aqueous
Ethanol, absolute

Ethanol Rotipuran 299,8 %

Ethanol 99.5% denaturated with 1% MEK

Ethidium bromide
Formalin 37%
Glycerol 85%
Glycerol 99,5%
Glycine

HCI

Haematoxylin after MAYER unleavened
HIER citrate buffer pH 6.0 (10x)

HIER EDTA buffer pH 8.0 (10x)

HIER T-EDTA buffer pH 9.0 (10x)

Hoechst 33342, H1399
H>0O, 30%
KH>PO4

Liquid DAB + Substrate chromogen system

Lithium carbonate
Luminol

Magnesium carbonate hydroxide

MgCl,
Methanol
2-Methylbutane
NaCl 0,9%
NaCl

Cell Signaling Technology
Thermo Scientific
Sigma Aldrich
Dako

Sigma Aldrich
Sigma Aldrich

GE Healthcare
PAN Biotech
Sigma Life Science
AppliChem

Carl Roth
Morphisto
Sigma-Aldrich
Carl Roth

VWR Chemicals
Carl Roth

Carl Roth

GE Healthcare
GERBU

GE Healthcare
Carl Roth
Morphisto
Zytomed Systems
Zytomed Systems
Zytomed Systems
Thermo Fisher Scientific
Carl Roth

Merck

Dako

Carl Roth

Sigma Aldrich
Sigma Life Science
Sigma Life Science
VWR

Carl Roth

B. Braun

Carl Roth
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NaHCO;

NaH;PO4

Na,HPO4

Naphthol blue black
Na3VO4

NEBuffer 3

Oil Red O

Oil Red O color solution
Orange G

PBS Tablets, pH 7.4

Picric acid solution 1,3% in H>O (saturated)

Merck

Merck

Carl Roth

Sigma Aldrich

Merck

New England Biolabs
Sigma-Aldrich
Merck

Sigma Aldrich

Life Technologies / ChemSolute
Sigma Life Science

6.1.6. Kits and Ready-to-use reagents

Kits

Ponceau S solution for electrophoresis (0.2 %) SERVA
Propanol-2 Carl Roth/VWR Chemicals
Quick-Load 100bp DNA Ladder New England Biolabs
Rhodamine-WGA Vector Laboratories
Rotiphorese Gel 30 (37,5:1) Carl Roth
Roti-Quant 5x Carl Roth
SDS GE Healthcare
Skim milk powder for blotting SERVA
Smoky HCI 37% Merck
Sodium acetate Carl Roth
TRIS Carl Roth
Triton X-100 Sigma Aldrich
Xylene (mixture of isomers) 298.5%, AnalaR | VWR Chemicals
NORMAPUR®

6.1.5. Drugs
Drug Supplier
Insuman® Rapid 40 L.E./ml Sanofi-Aventis

Supplier

PAS Staining Kit HPO1

6.1.7. Buffers

Tissue lysis buffer for genotyping:

Carl Roth

IM TRIS-HCl pH 8.0 50 mM
EDTA 0.5M 0.1M
5M NaCl 0.1M
20% SDS 1%

dissolved in dH>O and autoclaved
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10x Orange G loading buffer:

Glycerol 30% (v/v)
Orange G 0.2% (w/v)
dissolved in dH,O

10x TAE electrophoresis buffer:

TRIS 0.5 M
Sodium acetate 02M
EDTA 0.02M

adjusted pH to 7.4 and stored at RT

0.1M Phosphate buffer:

NaH2PO4 25 mM
Na2HPO4 75 mM
dissolved in dH»O [pH 7.3]

6.1.8. Solutions

6.1.8.1. Tissue preservation solutions

20% Sucrose stock solution:

Sucrose 20g
PBS 0.1M 80 ml
aseptically prepared and stored at 4°C

O.C.T/Sucrose compound:

O.C.T compound 25 ml

20% Sucrose 25 ml

shaken for several hours until homogeneous
solution and stored at 4°C

6.1.8.2. Histology solutions

Picro-sirius Red solution:

Direct Red 80 05¢g
Picric acid, aqueous solution 500 ml
stored at RT
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Acidified Water:
Acetic acid glacial Sml
dH>O 1L
stored at RT

6.1.9. Enzymes

Item Supplier

Bsl - RE New England Biolabs
Proteinase K (recombinant), PCR Grade Thermo Scientific
Taq DNA Polymerase (5 U/ul) Bioron

25x Protease Inhibitor Mix:

cOmplete, EDTA-free Protease Inhibitor Cocktail 1 Tab.
dH0 2 ml
vortexed and stored at 4°C

6.1.10. Primary antibodies

Antigen Host species Number Supplier Dilution
a-SMA mouse MO0851 Dako 1:100
CD31 rat DIA-310 Dianova 1:20
F4/80 rabbit 70076S Cell Signaling Technology 1:125
8-OHdG mouse 15A3 Abcam 1:125

6.1.11. Secondary antibodies

Secondary antibodies fluorophore conjugated:

Host Target Conjugate Wavelength Dilution Number Supplier
species

goat mouse | Alexa Fluor 488 @ 488 nm (green) | 1:200 A-11029 | Invitrogen
goat mouse | Alexa Fluor 594 | 594 nm (red) 1:200 A-11032 | Invitrogen

Secondary antibodies horse radish peroxidase conjugated:

Host Target = Conjugate Dilution Number | Supplier

species

goat mouse = HRP 1:10000 401253 Merck Millipore
goat rabbit | HRP 1:200/1:10000 | 401393 Merck Millipore
goat rat Micropolymer HRP | - MP-7444 | Vector Laboratories
rabbit | goat HRP 1:10000 401515 Merck Millipore
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6.1.12. Software
Software Supplier
Adobe Photoshop CS3 Extended Adobe Systems
Aperio ImageScope Leica Biosystems
CellSens Dimension Olympus
Excel Microsoft
GraphPad PRISM Version 5 GraphPad Software

HP Precisionscan Pro

Hewlett-Packard

Imagel

National Institutes of Health

ZEN 2.3 lite

Zeiss
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6.2. Methods

Contents of this chapter have been submitted for publication [1].

6.2.1. Animal experiments

All animal procedures were performed in accordance with the European directive 86/609/EEC
and approved by the local legislative committee for animal welfare (Government of Upper

Bavaria, Munich, Germany) under the reference number AZ.55.2.1.54-2532-94-13 [1].

6.2.1.1. Nmf333 mouse line

A.B6 Tyr'-Cyba™33/] were originally obtained from Jackson Laboratories [1]. The p22phox-
deficient mouse strain (nmf333 mice) carries a single point mutation in exon 5 of the CYBA
gene located on chromosome 8 (coding for p22phox) which causes the substitution of the amino
acid tyrosine (Y) to histidine (H) at position 121 (Fig. 3A) [1, 128]. This leads to Y121H, a
missense mutation that can be identified by restriction digestion with Bsl1 restriction enzyme
[128].
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Figure 3. Missense mutation Y121H in the CYBA gene of the nmf333 mouse strain.

(A) The T to C point mutation (marked with arrow) causes the amino acid tyrosine (Y) to be replaced
by histidine (H) at position 121 on exon 5 of the CYBA gene. Adapted after [128]. (B) Genotyping of
nmf333 mouse strain: after digestion with restriction enzyme Bsl1 homozygous nmf333
(nmf333/nmf333) mice exhibit digestion products of 162 bp and 89 bp, WT mice show products of
202 bp and 89 bp, heterozygous nmf333 (nmf333/+) mice have 3 bands of 202 bp, 162 bp and 89 bp.
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Genotyping results show WT alleles with digestion products of 202 bp and 89 bp. Homozygous
nmf333 alleles exhibit products of 162 bp, 89 bp and 40 bp, the latter being not visible.
Heterozygous nmf333 mice have three bands of 202 bp, 162 bp and 89 bp (Fig. 3B).

6.2.1.2. High-fat diet mouse models

Mice were held in individually ventilated cages under pathogen-free conditions under 12/12h
cycle light/darkness with ad libitum access to water and food. Nmf333 mice were mated and

pups were separated by gender and genotype at 3 weeks of age [1].

To investigate the dietary impact on the development of obesity and type 2 diabetes mellitus
(T2DM) female, 5-week-old, nmf333 and wildtype (WT) mice consisting of nmf333 littermate
controls and C57BL/6J mice (Charles River), were put either on normal-fat diet (NFD, 13% fat,
68% carbohydrates, 19% protein) or high-fat diet (HFD, ssniff EF D12492 (II), 60% fat, 21%
carbohydrates, 19% protein) for 20 weeks [1].

At 25 weeks of age (20 weeks of diet) mice were mated with males of the appropriate genotype
which were kept on NFD, and achieved pregnancy within 3-5 weeks. Pregnant mice were

sacrificed at gestational day (GD) 17.5 and fetuses were extracted [1].
6.2.1.3. Measurements

6.2.1.3.1. Body mass

Starting from the age of 5 weeks the body mass (BM) for all mice was determined bi-weekly

during the course of the experiment [1].

6.2.1.3.2. Nasal-anal lengths

At the age of 25 weeks the nasal-anal length (NAL) was measured using a digital caliper in
order to determine the body length [1].

6.2.1.3.3. Body mass index

Body mass index (BMI) was calculated using the formula [1]:

BM (9)
NAL (cm)?
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6.2.1.3.4. Lee’s index of obesity

Lee’s index of obesity (LIO) was calculated according to the formula described by Simson et

al. [1, 129]:

VBM (g)

LIO = 10* x —=
NAL (mm)

6.2.1.3.5. Blood glucose levels

Starting from the age of 5 weeks, blood glucose levels were measured every two weeks [1]. For
that, mice were fasted for 6 h. Then the tip of the tail was cut, the resulting blood drop was

collected with a glucose test strip and the glucose level was determined by a glucose meter.

6.2.1.3.6. Intraperitoneal glucose tolerance test

At the age of 5, 15 and 25 weeks as well as at gestational day 10, mice were fasted for 6 h, and
intraperitoneal glucose tolerance tests (ipGTT) were performed [1]. In brief, a glucose solution
of 0.9 g of glucose was dissolved in 5 ml of distilled water (0.18 mg/ul) and filtrated. After
fasting 1.5 mg/g (body mass) glucose was intraperitoneally injected. Glucose levels were

measured at time points 0, 20, 40, 60, 80, 100 and 120 min after the injection by a glucose meter.

6.2.1.3.7. Intraperitoneal insulin tolerance test

Intraperitoneal insulin tolerance tests (ipITT) were performed as previously described [1, 130].
23-weeks-old mice were fasted for 4 h. After fasting, 0.5 U/kg BM insulin (Insuman Rapid)
were intraperitoneally injected. Glucose levels were measured by a glucose meter at time points

0, 10, 20, 30, 40, 50, 60, 70, 80 and 90 min after injection.

6.2.1.4. Euthanasia

At the experimental end points mice were euthanized using carbon dioxide (CO2) exposure

followed by cervical dislocation.
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6.2.1.4.1. Organ removal

After blood withdrawal the vascular system was flushed with 1x PBS solution in order to clear

vessels from remaining blood clots [1].
The following paragraph has not been submitted for publication.

The right lobe of the liver was partly incised. Then, the left ventricle was punctured and 1x PBS
solution was injected until the liver tissue visibly brightened. Eventually organs, i.e. liver,
pancreas, kidneys, spleen, white and brown fat were collected. They were primarily detached
from excess fat or connective tissue and then put on the analytical balance for determining the
organ mass. Afterwards, organs were washed in PBS, carefully wiped off excessive fluid and
divided into sections. For histology, specimens were either placed in tissue embedding cassettes
and kept 48 hours in 4% formalin solution, or put in cryomolds filled with the O.C.T/Sucrose

solution, gradually frozen in a Styrofoam containing liquid nitrogen and stored at -20°C.

6.2.1.4.2. Dissection of placenta and fetus

The following sections have not been submitted for publication.

Prior to dissection of the abdominal organs the uterus containing the fetuses was taken out and
put in PBS to wash off blood and secretions. The total number of living and dead fetuses was
counted. Dead fetuses were identified by notably smaller size or black discoloration compared
to living fetuses (Fig. 4) [131]. After transferring the uterus to a clean Petri dish filled with PBS,
the uterus was opened using a bonn artery scissor with the ball tip facing the fetus in order to

avoid destruction of the fragile skin.

Figure 4. Living and dead fetuses.
Dead fetuses (marked with black arrows) can be distinguished from living ones by notedly smaller
size and black discoloration. Adapted after [131].

Since fetuses and placentas were still surrounded by the yolk sac, the latter was removed by
gently pulling with forceps. Placentas were separated from fetuses by cutting through the
umbilical cord and the placental mass was measured. Placentas were eventually prepared for
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either histology, cryopreservation or molecular analysis as described in the section above.
Fetuses were put in a clean Petri dish. The umbilical cord was teared through above the
umbilicus. Fetuses were washed in PBS, gently wiped off excessive fluid and balanced. Parts
of the fetuses were processed for histology and cryopreservation. For molecular analysis fetal
hearts and livers were dissected. Therefore, fetuses were put in an empty Petri dish. The fetal
body was opened via median incision using the Leica MZ7.5 stereomicroscope. Access to the
inner thorax was enabled through median sternotomy and the heart was dissected. The abdomen
was opened by median laparotomy. After extracting the liver, the gallbladder was removed.

Hearts and livers were put in tubes, immediately frozen in liquid nitrogen and stored at -80°C.

6.2.2. Histology

6.2.2.1. Tissue processing

Dissected tissues designated for histology were processed either for formalin-fixed paraffin-
embedding or cryofixation depending on the intended staining methods. Since formalin fixation
and dehydration required for paraffin embedding eliminate certain structures, such as
adipocytes and lipid droplets [132], special processing techniques for visualizing e.g. lipids are

needed.

6.2.2.1.1. Formalin fixation

Formalin-fixed paraffin-embedding is a standard procedure used in histology. Tissues need to
be fixated and dehydrated since paraffin wax is not soluble in water or alcohol. Therefore, the
paraffin solvent xylene is used. After dehydration, tissues are embedded in paraffin and cut into
micron thin sections. Before staining, rehydration of the tissue is necessary, since most of the

dyes used are aqueous.

Specimens were put in embedding cassettes and immersed in 4% formalin solution for 48 hours
at 4°C. Afterwards the solution was replaced with 70% ethanol and kept at 4°C until
dehydration [1]. Embedding cassettes were put in the metal basket provided by the dehydration
machine. Dehydration was performed using a descending series of alcohol consisting of one
change of 70% isopropyl alcohol, two changes of 80% isopropyl alcohol, two changes of 96%
isopropyl alcohol, three changes of 100% isopropyl alcohol, two changes of the isoparaffinic-

based xylene substitute Clear-Rite 3 and two changes of fluid paraffin.
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After dehydration, cassettes were retrieved and warmed alongside differently sized metal molds
on the paraffin embedding station. Specimens were extracted from the embedding cassettes and
placed in the center of the metal molds. The molds were filled with liquid paraffin, avoiding
formation of air bubbles. Subsequently, molds were put on a cooling plate (-5°C), allowing
hardening of the paraffin and thereby fixing of the tissue. The labeled cassettes were then placed
on top, the molds were filled up with liquid paraffin without thawing and carefully put back
onto the cooling plate. After a while, paraffin blocks containing the specimens were carefully

detached from the metal molds and stored at 4°C.

For sectioning, formalin-fixed paraffin-embedded (FFPE) specimens were cut using the
microtome HM 355S (Thermo Fisher Scientific) [1]. The paraffin blocks were fixed with the
clip. Trimming was performed until tissues were visible. Then, micron thin sections were cut
by smoothly turning the crank handle, thereby preventing fissure or curling. Depending on the
embedded tissue, thickness of the sections varied from 2 to 5 pm. Cut sections remained on the
metal support and were transferred into dH>O blended with a lacing of 90% ethanol, using an
object slide. Subsequently, sections were converted into a warm water bath (40°C) enabling
expansion and smoothing of the paraffin on the water surface. Next, paraffin sections were
carefully transferred onto the object slide and put on the tub rim to air-dry. After a few minutes
specimen holders were placed on a heating table (42°C) allowing condensation. The object

slides were dried for 24 hours and stored at 4°C.

Before staining, FFPE sections were cleared of paraffin. For this rehydration process sections
were incubated at 55°C overnight to melt the paraffin. Then, sections were immersed in xylene
and descending alcohol concentrations as specified in the respective paragraphs. For section
preservation, tissue specimens were dehydrated using ascending alcohol concentrations and
xylene, enabling mounting with a resinous mounting medium. The latter was applied on the
coverslip which was carefully placed on the object slides, avoiding formation of air bubbles.
The glass slides were left to dry overnight, cleaned of excessive mounting medium and stored

at room temperature (RT).

6.2.2.1.2. Cryofixation

Since formalin fixation and dehydration cause deterioration of adipocytes and lipid droplets,

another fixation method for lipid analysis was used.
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Labelled cryomolds were filled with O.C.T/20% sucrose compound [1] and tissue specimens
of placenta and fetus were put in the center. Molds were placed on a styrofoam panel and

gradually frozen with liquid nitrogen [1]. Specimens were stored at -20°C.

For sectioning, the cryostat Leica CM 1850 (Leica Biosystems) was used with working
temperatures of -20°C [1]. Frozen tissue blocks were unhinged from the ductile cryomolds and
mounted on metal stamps using Tissue-Tek O.C.T compound. Stamps were placed in the
cryostat to allow hardening of the O.C.T compound. After solidification stamps were fixed in
the holding device. The cutting routine was overall similar to FFPE sectioning. However,
sections were much thicker, ranging from 10 to 12 um, and were only cut to the upper margin
so that the sections were loose but not detached from the block. They were directly transferred

onto object slides. After air-drying for about 10 minutes, object slides were stored at -20°C.

6.2.2.2. Staining

Bright-field images were captured using Zeiss Axioscope 2 light microscope, or scanned with
Leica Aperio AT2 digital slide scanner [1]. For digital processing and quantification Imagel, a
Java-based image processing and analysis program was used. Fluorescence stainings were

analyzed using Olympus 1X83 inverted microscope and Olympus cellSens software.

6.2.2.2.1. Immunohistochemical staining

FFPE sections were rehydrated through two changes of xylene, 100% ethanol and 96% ethanol,
respectively, and one change of 70% ethanol, each spanning 5 min. Sections for fluorescence
detection were subsequently washed in running tap water for 2 min, whereas those for

chromogenic detection were washed in two changes of PBS (5 min each).

Heat-induced epitope retrieval (HIER) was performed for antigen retrieval. For that, sections
were immersed in either citrate antigen retrieval buffer (pH 6.0) or EDTA antigen retrieval
buffer (pH 8.0 or pH 9.0) depending on the primary antibody (see table below), and cooked in
a microwave for several minutes at 750 W to the boiling point. The procedure was repeated up

to a total boiling time of 20 min.

Primary antibody HIER antigen retrieval buffer
a-SMA EDTA pH 8.0

CD31 Citrate pH 6.0

F4/80 Citrate pH 6.0

8-OHdG T-EDTA pH 9.0
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In this study two different methods — fluorescence and chromogenic detection — for detecting

bound antibodies were used:

1. Visualization by fluorescence detection by using fluorophore-conjugated secondary

antibodies:

Fluorophores have excitation and emission spectra of certain wavelengths enabling
simultaneous incubation of multiple fluorophore-conjugated secondary antibodies on one
section since they can be extinguished by their individual excitation wavelength.
Counterstaining of nuclei was performed using Hoechst 33342, a fluorescent stain for nucleic

acids. It emits cyan-colored light at an excitation/emission wavelength of 361/497 nm.
Immunofluorescence stainings were performed as follows [1]:

After establishing liquid barriers, sections were washed by sequential immersion in: 1x PBS,
followed by 0.2% Triton X-100 in 1x PBS and again in 1x PBS for 5 min. Then, sections were
blocked with 3% BSA dissolved in 1x PBS for 2 h at RT. Afterwards, sections were drained
from excessive BSA and were incubated with the primary antibody in a humid chamber

overnight at 4°C. The primary antibody was diluted in PBS as stated below:

Primary antibody Dilution
a-SMA 1:100
8-OHdG 1:125

The next morning, sections were consecutively washed in 1x PBS, followed by 0.2% Triton X-
100 in 1x PBS and again in 1x PBS for 5 min in order to clean specimens of excessive primary
antibody solution. Sections were then incubated with the corresponding secondary antibody at
a dilution of 1:200 for 2 h in a humid chamber at RT, followed by three washing steps with 1x
PBS for respectively 2 min. Counterstaining of nuclei was performed by incubating sections
with Hoechst 33342 diluted 1:10.000 for 1 min at RT. After three washing steps with 1x PBS
for 2 min each, object slides were mounted with DAKO mounting medium and coverslips,

sealed with nail-polish and stored at 4°C in the dark.
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2. Visualization by chromogenic detection by using DAB (3,3'-diaminobenzidine), a

horseradish peroxidase substrate [133]:

For this detection method the Liquid DAB + Substrate Chromogen System by Dako was used
[1].

After HIER, sections were left in the retrieval buffer for 10-15 min to cool down and washed
in 1x PBS for 3-4 min. Peroxidase blocking was performed in 3% H2O> diluted in 1x PBS for
10 min followed by two washing steps with 1x Dako wash buffer for 5 min. After establishing
the liquid barriers, sections were incubated for 2 h at 4°C with the primary antibody diluted in

1x PBS as follows:

Primary antibody Dilution
CD31 1:20
F4/80 1:125

Then, sections were again washed with 1x Dako wash buffer in two washing steps of 5 min,
followed by incubation with the secondary antibody in a dilution of 1:200 for 2 h at RT. After
two washing steps in 1x Dako wash buffer, sections were incubated with DAB for
approximately 3-5 min until a brown color change could be observed. Object slides were then
quickly submerged in dH>O to stop the reaction and subsequently washed under running tap
water for 3 min. Counterstaining was performed with Mayer’s Haematoxylin for 30 s followed
by bluing under running tap water for 5 min. Sections were mounted with Aquatex and

coverslips, and left to air-dry.

6.2.2.2.2. 8-Hydroxy-2'-deoxyguanosine staining

FFPE liver sections (4 um) as well as placenta and fetus sections (2 pm) were stained with an
antibody against 8-hydroxy-2'-deoxyguanosine (8-OHdG) and quantified by capturing 4 image
sections of 40x magnifications using Olympus IX83 inverted fluorescence microscope [1].
Multichannel images (DAPI, GFP Slider, CY5) were exported as .tif files and analyzed with
Image]J [1]. The image analysis was performed using an automated protocol executed by a
macro according to Guirado et al. [1, 134]. For that, images were split into four equal parts (see
Appendix B 10.1). Then, the area of nuclei was selected on the DAPI (blue) image and the
selection was used on the GFP Slider (green) image to measure the intensity (mean gray value)

of the selected area (see Appendix A Fig. 1 and Appendix B 10.2).
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6.2.2.2.3. Alpha-smooth muscle actin staining

FFPE placenta sections (2 pm) were cut lengthwise in order to assess the placental labyrinth as
a whole and stained with an antibody against alpha-smooth muscle actin (a-SMA). For
quantification, 4 image sections of 10x magnification were captured using the fluorescence
microscope [1]. Multichannel images (DAPI, GFP Slider) were exported as .tif files and
analyzed with ImagelJ using the macro described by Guirado et al. [1, 134]. Images were split
into four equal parts and quantification was performed on GFP Slider images (see Appendix B
10.3). Integrated density, which is the product of area and mean gray value, was measured for

the images, respectively.

6.2.2.2.4. F4/80 staining

FFPE liver sections (5 pm) were stained with an antibody against F4/80. To quantify the amount
of antibody-bound antigen, 10 bright-field images of 20x magnifications were captured [1].
Image analysis was performed with Imagel’s color threshold [1]. Hue, saturation and brightness
were adjusted to the brown reaction sites and respective area values within the set threshold

were measured (see Appendix A Fig. 2).

6.2.2.2.5. Wheat germ agglutinin staining

The following paragraph has not been submitted for publication.

For delineation of cell membranes, FFPE placenta cross sections (2 pm) were stained with
Rhodamine labelled wheat germ agglutinin (WGA). Rhodamine is a conjugated fluorophore
with an excitation/emission maximum of 550/575nm, making it appear red when observed
through a fluorescence microscope. The nuclei were visualized with DAPI (1:10000) staining
[135]. WGA quantification was performed by taking 4 fluorescence image sections of 40x
magnifications. Multichannel images (DAPI, CYS5) were exported as .tif files and analyzed with
Image] according to Guirado et al. [134]. Therefore, images were first split into four equal parts
and the automated analysis was performed on CY5 images (see Appendix B 10.4). Mean gray

values was measured for all images.
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6.2.2.2.6. Hematoxylin-Eosin staining

Hematoxylin-Eosin (H&E) staining of FFPE liver (3.5 um) and FFPE placenta (2um) cross
sections were analyzed with regard to general morphology [1]. Liver sections were analyzed
for necrotic spots and lipid droplets. The H&E stain combines two dyes, namely haematoxylin
and eosin. Haematoxylin is a cationic basic dye of deep purple-blue color. Application of
haematoxylin to FFPE sections results in blue stains of basophilic structures, such as nuclei,
endoplasmic reticulum and ribosomes, since they have an affinity for basic dyes. Eosin on the
other hand is an acidic dye of red-pink color and stains proteins, resulting in pink cytoplasm
and extracellular matrix [136]. For H&E staining FFPE sections were rehydrated through two
changes of xylene, 100% ethanol and 96% ethanol, respectively, and one change of 70% ethanol,
each spanning 5 min. The descending series of alcohol was followed by two washing steps with
dH>O for 2 min. Subsequently, FFPE sections were immersed in Mayer’s Haematoxylin for 15
min. Sections were then blued in lukewarm running tap water for 5 min, followed by immersion
in 0.5% acidified aqueous eosin solution for 3 min. After three washing steps in dH>O for 1.5
min each, sections were dehydrated in 70 % ethanol, two changes of 96% ethanol and 100%
ethanol for 1 min, respectively. Sections were immersed in two changes of xylene for 3 min,
mounted with Entellan® and coverslips, and left to air-dry overnight. The number of necrotic
spots was counted for 10 bright-field image sections in 10x magnifications. For quantification
of lipid droplets, 10 frames with 20x magnifications were captured. Measurement of the area
values was performed with ImagelJ. The obtained RGB image was split into three color channels.
Analysis was conducted on the green channel image exhibiting the highest contrast. For each
biological replicate the threshold was set according to the extent of lipid droplets (see Appendix
Fig. 3).

6.2.2.2.7. Picrosirius Red staining

Sirius Red is a strong anionic dye which is able to stain collagen by reacting with its sulphonic
acid groups. It is one of the few dyes able to solely stain collagen fibers in tissue [137]. For
assessing fibrosis, the amount of stained collagen was analyzed in FFPE liver cross sections
(3.5um). FFPE tissues were stained according to the protocol by Candace Adamo, Griendling
Lab [1, 138]. Picrosirius Red solution and acidified water were prepared one day prior to
staining (see 6.1.8.2) [1]. Rehydration was conducted through three changes of xylene of 5 min,
followed by two changes in 100% ethanol, one in 96% ethanol, 90% ethanol and 80% ethanol,
respectively, each spanning 2 minutes. Sections were then washed in dH>O for 2 min and
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immersed in Picrosirius Red solution for 1 h. After staining, sections were washed twice in
acidified water for 2 min, respectively. After removing excessive water, specimens were
immersed in three changes of 100% ethanol (1 min each) and two changes of xylene (3 min
each). Sections were mounted with Entellan® and coverslips and left to air-dry overnight. 10
bright-field image frames with 20x magnifications were acquired and the amount of collagen
was measured via Imagel’s color threshold function [1]. Hue, saturation and brightness were
adjusted to the red fibers and respective area values within the set threshold were measured (see

Appendix A Fig. 4).

6.2.2.2.8. Periodic acid—Schiff reaction

Periodic acid—Schiff (PAS) reaction was used to detect glycol-conjugates in tissues. FFPE liver
(5 um) and placenta (3.5 pm) cross sections were stained using the PAS Staining Kit (Carl Roth)
[1]. The staining solutions were filtrated before use. Counterstaining of cell nuclei was ensured
using acidic Hemalum® solution according to Mayer provided by the kit. De-waxing and
rehydration of the sections was performed as described in 6.2.2.2.6. Sections were immersed in
1% periodic acid solution for 10 min and washed using tap water (10 min) and two changes of
dH>O (each 2 min). Next, sections were immersed in Schiff’s reagent at RT for 20 min. After
rinsing in warm tap water (>35°C) for 5 min and dH>O for 1 min, counterstaining was
performed using Hemalum® solution according to Mayer. Sections were blued in running tap
water for 15 min. Dehydration and preservation were done as described in 6.2.2.2.6. For
automated PAS reaction analysis, 10 bright-field images in 20x magnifications of liver and
placenta sections were taken, the latter comprising decidua basalis and decidua-labyrinth
intersection [1]. PAS-positive areas of the liver were measured using the color threshold
function in Imagel (see also Appendix B 10.5) [1]. Color threshold values for automated
placenta analysis were set in comparison to the labyrinth region which does not hold glycol-
conjugates and thus exhibits no PAS reaction. Respective area values were determined for the

set color threshold.

6.2.2.2.9. Oil Red O staining

For lipid analysis, Oil Red O staining was performed on frozen sections [1]. Stock and working
solutions were prepared according to Mehlem et al. [1, 139]. Placenta and fetus cryosections
(12 um) were equilibrated to RT for 10 min. Tissue sections were incubated with Oil Red O

solution for 5 min. Counterstaining was performed by immersing sections with Mayer’s
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Haematoxylin for 15 s. Sections were dipped 3x in lithium solution and rinsed under running
tap water for 30 min. Sections were mounted with Aquatex and coverslips, left to air-dry for 10
min and sealed with nail polish. Bright-field images were taken within 24 h to prevent
precipitation of the dye thereafter. 10 image sections were captured in 40x magnifications per
biological replicate [1]. Using ImageJ hue, saturation and brightness in the color threshold were
set to best match the stained lipid droplets when compared with the original image (see
Appendix A Fig. 5 and Appendix B 10.5) [1]. Results were obtained by measuring the area

values of the selected regions within the threshold.

6.2.3. Molecular biological techniques

The following subchapters have not been submitted for publication.

6.2.3.1. Genomic DNA extraction

Genomic DNA was extracted from mouse ears according to the manufacturer instruction. Ears
were dissolved in 500 pl of lysis buffer containing 15 ul of 20 mg/ml proteinase K. Samples
were incubated overnight at 56°C in an Eppendorf thermomixer. The next day 250 ul of 5 M
NaCl was added to the lysates and solutions were thoroughly mixed. Samples were spun down
at 13.000 rpm for 15 min at RT and 600 pl of the top phases were immediately transferred into
new tubes. After adding 400 pul isopropanol to each tube, solutions were mixed by inversion
and again spun down at 13.000 rpm for 15 min at RT. The supernatants were carefully removed
by aspiration. The DNA sediments were subsequently washed with 1 ml of 70% ethanol kept
at RT, mixed by inversion and spun down at 13.000 rpm for 10 min at RT. Supernatants were
removed as completely as possible and DNA pellets were left at RT to air-dry for up to 1 h.
Finally, the latter were dissolved in 50 ul 0.1x TE buffer by incubating at 37°C for 10 min while
gently shaking and stored at -20°C for later analysis.

6.2.3.2. Polymerase chain reaction

Polymerase chain reaction (PCR) was performed using a Thermocycler GeneAmp PCR System

9700 following our laboratory’s standard protocol. 25 ul reaction volume consisted of:

[ul]

H>O 18.25
10x buffer with MgCl 2.5
dNTPs (10 mM) 0.25
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Primer-F (10 uM) 0.25
Primer-R (10 uM) 0.25
DMSO 1.0
Taq (5 U/ul) 0.5
DNA 2

The PCR reaction program was set as follows:

\ Denaturation 94 °C 05:00 min
40 cycles:
Denaturation 94 °C 00:30 min
Annealing 59 °C 01:00 min
Extension 72 °C 01:00 min
Final phase:
| Extension 72 °C 07:00 min
Termination:
| Cooling 4°C o0

The PCR product was stored at 4 °C.

Digestion of the PCR product with Bsll restriction enzyme

The digestion mix (20 pl sample volume) was prepared as listed below and incubated at 55°C

overnight.
[pl]
NEB buffer 3 2
Bsll 0.5
H>O 2.5
PCR product 15

6.2.3.3. Gel electrophoresis

In order to visualize the digested PCR products, gel electrophoresis was performed according
to our laboratory’s standard protocol. Ethidium bromide was used as a dye. The resulting DNA

bands were visualized using UV light.

The digestion mix was run on a 3% agarose gel. For that 3.0 g of agarose was mixed with 100

ml of 1x TAE buffer in an Erlenmeyer flask and boiled in the microwave until the solution
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became clear. Evaporation was compensated by adding dH»O. Then 5 pl of ethidium bromide
was added and the solution was mixed by carefully slewing the flask. The agarose solution was
poured into a plastic tray and assembled with the loading comb. After polymerization for 30
min at RT, the comb was removed and the solid gel was transferred into the electrophoresis
chamber and submerged with 1x TAE buffer. 2 ul of orange loading buffer were added to the
PCR products. Subsequently, the wells were loaded and 5 pl of Quick-Load 100bp DNA Ladder
were used as a marker. After connection of the electrodes, gels were run for about 60 min at 90
V and monitored by observing the loading buffer. DNA bands were visualized using the UV

camera Gel Doc 2000 and Quantity One software.

6.3. Statistics

The following paragraph has been submitted for publication [1].

Statistical analyses were performed using Prism5 (GraphPad Software, version 5.01) and
Microsoft Excel 2019. Data are expressed as means with standard deviation (s.d.), or standard
error of the mean (s.e.m.). Outliers were excluded from the data sets by quantification of z-
scores. One-way or two-way analysis of variance (ANOVA) were used for comparisons
between multiple groups, followed by Tukey’s multiple-comparisons test or Bonferroni test.

Differences were considered significant when p < 0.05.
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7. Results

Data, contents and parts of the following subchapters have been submitted for publication [1]

unless otherwise stated.

7.1. Effects of high-fat diet on metabolism

7.1.1. p22phox promotes high-fat diet-induced obesity

In this study, the role of the NADPH oxidase subunit p22phox in fetal survival was evaluated
in a model of maternal obesity and type 2 diabetes mellitus (T2DM) [1]. Therefore, 5-weeks-
old female wild type (WT) and nmf333 mutant mice lacking functional p22P"* due to a point
mutation in the CYBA gene [128] were fed with a high-fat diet (HFD, 60% kcal fat) for 20
weeks. Controls chowed normal-fat diet (NFD, 13% kcal fat).

Following 20 weeks of HFD feeding, WT HFD mice showed an increase in body mass index

(BMI) as well as in Lee’s index of obesity (Fig. SA/B) [1].
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Figure 5. p22phox promotes HFD-induced obesity and visceral adiposity [1].

(A-B) 5-weeks-old wild type mice (WT) and mice deficient of p22phox due to a point mutation in the
CYBA gene (nmf333) were HFD fed for 20 weeks. Controls received NFD. Body masses and nasal-
anal lengths were measured at age 25 weeks, and: (A) body mass index (BMI) and (B) Lee’s index of
obesity were calculated. Data are means + s.d., n = 16-21, ***p < 0.001 WINFD vs. WTHFD, #p <
0.05, ##p <0.01 WTHEFED vs. nmf333HFD by one-way ANOVA and Tukey’s multiple-comparisons test.

7.1.2. p22phox promotes high-fat diet-induced glucose intolerance and

insulin resistance

Since obesity is linked to the development of T2DM in experimental rodent models and human
subjects [140-143], glucose tolerance, intrinsic blood glucose levels and insulin resistance were

assessed in all mice groups during the 20-week HFD feeding (Fig. 6) [1].
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Glucose tolerance was assessed by intraperitoneal glucose tolerance test (ipGTT) at weeks 10
(Fig. 6A) and 20 (Fig. 6B) of diet [1]. At week 10 of HFD, the WT HFD group had significantly
higher blood glucose values compared to NFD control littermates starting from 20 min after i.p.
glucose injection, while the nmf333 HFD group had values comparable to NFD control mice
(Fig. 6A). Interestingly, although glucose values were higher in WT HFD mice, the recovery
curve of blood glucose levels was shaped similarly to the curves of the other groups, practically
reaching the same end-point at 120 min (Fig. 6A). However, ipGTT performed at week 20,
showed higher blood glucose values in WT HFD mice at 20 min and slower recovery curves
with blood glucose levels not reaching the basal values even at 120 min pointing to fully
developed glucose intolerance, a feature missing in NFD controls and nmf333 HFD mice (Fig.

6B).

To substantiate the observed impaired glucose metabolism in HFD, intrinsic blood glucose
levels were determined bi-weekly after 6 h of fasting (Fig. 6C) [1]. Although intrinsic blood
glucose levels after 6 h starvation showed a tendency to increase within the first 4 weeks of
HFD feeding, a significant increase was observed in WT HFD mice compared to NFD controls
starting at week 12 of HFD (Fig. 6C). From week 14 of HFD a significant decrease in fasting
blood glucose levels of nmf333 HFD mice compared to WT HFD littermates was observed,
pointing to a role of p22phox in the regulation of blood glucose levels in the HFD/obesity model
(Fig. 6C).

Next, insulin resistance was evaluated by intraperitoneal insulin tolerance test (ipITT) at 18
weeks of HFD (Fig. 6D) [1]. WT HFD mice showed an increase in blood glucose levels already
70 min after insulin injection compared to WT NFD mice, while blood glucose levels remained
low in the nmf333 HFD group, suggesting a role of p22phox in insulin resistance following

HFD (Fig. 6D).
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Figure 6. p22phox promotes HFD-induced glucose intolerance and insulin resistance [1].

(A-D) 5-weeks-old WT and nmf333 mice were fed a HFD for 20 weeks. Dietary control mice received
NFD. (A/B) Intraperitoneal glucose tolerance tests (ipGTTs) were performed at (A) 10 and (B) 20 weeks
of HFD after 6 h of fasting. (C) Intrinsic blood glucose levels were measured after 6 h of fasting bi-
weekly starting from 2 weeks of HFD. (D) Intraperitoneal insulin tolerance test (ipITT) was performed
at 18 weeks of HFD. Mice were fasted for 4 h. Data are means + s.e.m., n = 20-23, *p < 0.05, **p <
0.01, ***p <0.001 WTNFD vs. WTHED, #p <0.05, ##p < 0.01, ###p <0.001 WTHFD vs. nmf333HFD
by two-way ANOVA and Bonferroni posttest.

7.2. Effects of high-fat diet on pregnant mice

7.2.1. p22phox promotes high-fat diet-induced glucose intolerance in

pregnant mice

Following 20 weeks of HFD (or NFD) 25-weeks old female mice were mated with age-matched
males of the same genotype (Fig. 7) [1]. It took on average 3-5 weeks to achieve pregnancy;

having, hence, experimental end-points at approximately 28-30 weeks of age (Fig. 7).

As shown in Fig. 5 and 6, WT HFD mice had by week 20 of feeding an increased BMI and
elevated Lee’s index of obesity, increased glucose intolerance and insulin resistance, showing

a fully developed T2DM clinical picture [1].
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Figure 7. Experimental design [1].

5-weeks-old female WT and nmf333 mice were put on a HFD for 20 weeks. Dietary control mice
received NFD. Over the course of the diet metabolic measurements were performed at different time
points. At age 25 weeks mice were mated and kept on continuous diet during pregnancy. Mice were
dissected at GD17.5 and organs were retrieved. Created with Biorender.com.

Therefore, we analyzed glucose intolerance during pregnancy by means of ipGTT at GD10 [1].
Similar to the situation before pregnancy, glucose intolerance was significantly higher in WT
HFD mice compared to WT NFD, but also to nmf333 HFD (Fig. 8A). Compared to the ipGTT
performed at 20 weeks of HFD before pregnancy, glucose tolerance was not significantly

different at GD10 in any of the groups (Fig. 8B/C).
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Figure 8. p22phox sustains HFD-induced impaired glucose tolerance during pregnancy [1].
(A-C) 5-weeks-old WT and nmf333 mice were fed a HFD for 20 weeks. Dietary controls were fed with
NFD. Mice were mated starting from 25 weeks age and kept on continuous diet during the course of
pregnancy. (A) ipGTTs were performed at gestational day 10 (GD10) after 6 h of fasting. (B/C) Area
under the curve (AUC) values are displayed. Data are means + s.d., n = 8-11, *p < 0.05, **p < 0.01,
*#*p < 0.001 WINFD vs. WTHFD, #p < 0.05, ##p < 0.01, ###p < 0.001 WTHFD vs. nmf333HFD by
two-way ANOVA and Bonferroni posttest test.

7.2.2. p22phox induces white fat deposition, liver and spleen enlargement in

response to high-fat diet

When organ masses were evaluated, visceral white adipose tissue showed increased
accumulation in pregnant (GD17.5) WT HFD mice compared to NFD controls, but partial
reduction in HFD fed nmf333 mice (Fig. 9A) [1]. Furthermore, livers of WT HFD mice were
significantly heavier than those of NFD mice and nmf333 HFD mice (Fig. 9C) [1].

The following paragraph has not been submitted for publication, thus contains new data.

The amount of brown adipose tissue retrieved from the interscapular spine did not differ
between the groups (Fig. 9B). Pancreas masses seemed to be decreased in HFD fed WT mice,
however, this difference was not significant (Fig. 9D). No significant differences in kidney
masses could be observed between the groups (Fig. 9E). Interestingly, spleens were
significantly heavier both in the nmf333 NFD and WT HFD group (Fig. 9F).
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Figure 9. p22phox induces white fat deposition, liver and spleen enlargement in response to HFD.
(A-F) 5-weeks-old WT and nmf333 mice were HFD fed for 20 weeks. Dietary controls received NFD.
25-weeks old mice were mated and kept on continuous diet during the course of pregnancy. Mice were
dissected at GD17.5. Organs were retrieved and weighed. The organ to body mass ratio was calculated
for white adipose tissue and liver [1], brown adipose tissue, pancreas, kidney and spleen. Data are means
+s.d., n=11-13, $p <0.05 WTNFD vs. nmf333NFD, *p < 0.05, ***p < 0.001 WINFD vs. WTHFD,
#p < 0.05 WTHFD vs. nmf333HFD by one-way ANOVA and Tukey’s multiple-comparisons test.

7.2.3. p22phox promotes fatty liver disease in pregnancy

As obesity is associated with fatty liver disease [144], a histological evaluation of the liver was
performed on formalin fixed paraffin embedded (FFPE) liver cross sections [1]. Periodic acid-
Schiff (PAS) staining showed decreased glycogen storage in livers of HFD fed WT mice in
contrast to NFD controls, while glycogen levels remained unchanged in nmf333 HFD fed mice
(Fig. 10A/B). In line, immunostaining with the murine macrophage marker F4/80 (Fig. 10C/D)
showed significantly increased numbers of macrophages in WT HFD livers compared to livers

52



Results

from WT NFD mice, while this increase was significantly lower in nmf333 HFD dams. Staining
with Haematoxylin and Eosin (H&E) showed a significantly higher amount of lipid droplets in
livers from WT HFD dams compared to livers from NFD controls. This HFD-induced increase
in lipid droplets was significantly lower in nmf333 HFD mice, without significant difference
compared to the WT NFD group (Fig. 11A/B). Livers from WT HFD dams additionally showed
increased accumulation of necrotic spots compared to NFD fed WT dams while this response
was not observed in nmf333 HFD mice (Fig. 11C). Furthermore, upon histological examination
livers of WT HFD mice presented signs for hepatocyte ballooning, which was less pronounced

in nmf333 HFD mice and not present in WT NFD mice (data not shown).
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Figure 10. p22phox alters hepatic glycogen storage and inflammation in response to HFD [1].
(A-D) 5-weeks old WT and nmf333 mice were fed a HFD for 20 weeks. Dietary controls received NFD.
25-weeks-old mice were mated and kept on continuous diet during the course of pregnancy. Mice were
dissected at GD17.5. (A/B) Formalin-fixed paraffin embedded (FFPE) sections of the liver were stained
with Periodic acid-Schiff (PAS). (A) Representative stainings in 20x magnifications are shown. *Scale
bar, 50 um. (B) PAS-positive area was determined in 10 high-power fields per liver section. (C/D) FFPE
liver sections were stained with an antibody against F4/80. Antibody-bound antigens were visualized
by 3,3'-diaminobenzidine. Counterstaining was performed with Mayer’s Haematoxylin. (C)
Representative stainings in 20x and 40x magnifications are shown. *Scale bars, 50 um. (D) F4/80" area
was measured in 10 high-power fields per liver section. Data are means + s.d., n = 3-5, *p < 0.05, ***p
<0.01 WTNFED vs. WTHEFD, #p < 0.05, ###p < 0.001 WTHFD vs. nmf333HFD) by one-way ANOVA
and Tukey’s multiple-comparisons test.
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Figure 11. p22phox induces liver fatty degeneration, necrosis and fibrosis in response to HFD [1].
(A-E) WT and nmf333 mice were HFD fed for 20 weeks starting from 5 weeks age. Dietary controls
were fed with NFD. 25-weeks-old mice were mated and kept on continuous diet during the course of
pregnancy. Mice were dissected at GD17.5. (A-C) FFPE liver sections were stained with Hematoxylin
and Eosin (H&E). (A) Representative stainings in 20x and 100x magnifications are shown. Black arrow
points to necrosis. *Scale bars, 50 um and 10 um in higher magnification. (B) Amount of lipid droplets
was calculated in 10 high-power fields per liver section. *Scale bar, 50 um. Number of necrotic areas
(C) was calculated in 10 high-power fields per liver section. (D/E) FFPE sections from the liver were
stained with Picrosirius Red. (D) Representative stainings in 20x magnifications are shown. (E) Amount
of collagen fibers were quantified in 10 high-power fields per liver section. Data are means + s.d., n =
3-4, *¥*p < 0.01, ***p < 0.001 WTNFD vs. WTHFD, #p < 0.05, ##p < 0.01, ###p < 0.001 WTHFD vs.
nmf333HFD by one-way ANOVA and Tukey’s multiple-comparisons test.
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Picrosirius Red staining (Fig. 11D/E) showed a significant increase in collagen fibers in WT
HFD dams compared to WT NFD controls, clearly pointing to the presence of fibrosis in WT
HFD livers. This response was not observed in nmf333 HFD mice, exhibiting a similar collagen
density to WT NFD mice. Taken together, the presence of hepatic steatosis, hepatocyte
ballooning, inflammation and fibrosis point to a clear role of p22phox in the development of

NAFLD in transition to NASH in obesity-induced T2DM [1].

7.2.4. p22phox induces oxidative stress in livers in response to high-fat diet

In order to assess DNA damage and oxidative stress, FFPE liver sections were stained with an
antibody against 8-hydroxy-2'-deoxyguanosine (8-OHdG) [1], a widely recognized surrogate
marker for oxidative DNA/RNA damage [145]. DNA damage was assessed by analysis of
nuclei intensities. Livers of WT HFD fed dams had significantly more 8-OHdG positive nuclei
compared to WT NFD controls, indicating increased levels of ROS load and oxidative stress,
while this increase was not present in nmf333 HFD mice as 8-OHdG levels were not

significantly different compared to WT NFD mice (Fig. 12).
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Figure 12. p22phox promotes oxidative DNA damage in the liver in response to HFD [1].

(A-B) WT and nmf333 mice were fed a HFD for 20 weeks starting from 5 weeks age. Dietary controls
were fed with NFD. 25-weeks-old mice were mated and kept on continuous diet during the course of
pregnancy. Mice were dissected at GD17.5. (A/B) FFPE sections of the liver were stained with an
antibody against 8-OHdG. Nuclei were visualized with Hoechst 33342. (A) Representative stainings in
20x magnifications are shown. *Scale bar, 50 pm. (B) Fluorescence intensity was measured in 5 high-
power fields per liver section. Data are means + s.d., n = 3, ***p < 0.001 WTNFD vs. WTHFD, #p <
0.05 WTHFD vs. nmf333HFD by one-way ANOVA and Tukey’s multiple-comparisons test.
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7.3. Effects of high-fat diet on fetus and placenta

7.3.1. p22phox affects fetal survival in response to high-fat diet

Next, the effects of HFD-induced obesity and T2DM on pregnancy outcomes was evaluated, to

this end, pregnancy was terminated at GD17.5 and fetal offspring and placentas were examined
[1].

Overall, the litter size comprised 7-8 fetuses in utero in both WT and nmf333 NFD pregnancies
and HFD WT and nmf333 pregnancies (data not shown) [1].

A B
_ 1= wr SR [ = Rh)
3.0 El nmf333 @ Bl nmf333
s o T
£ 0.8- k3 5 0.10 —_
(7] c
2 0.6+ o
2 ®
© 0.4 'S 0.05-
g 2,
S 0.2- ®
C g
0.0 r Y ® 0.00 r r
NFD HFD NFD HFD
C D
1293 wt 08133 wt *%
Bl nmf333 # —_ Bl nmf333 'I'
T 5
:.3 0.6 4
o 81 * o
= xIT p=2
E o 0.4
o 5 #
T 0.2-
[}
T
0 ' r o.0l—1I—1, :
NFD HFD NFD HFD

Figure 13. p22phox impairs fetal survival in response to HFD [1].

(A-D) 5-weeks-old WT and nmf333 mice were fed a HFD for 20 weeks. Dietary controls received NFD.
25-weeks-old mice were mated and kept on continuous diet during the course of pregnancy. Mice were
dissected at GD17.5. (A/B) Placentas and fetuses were dissected at GD17.5 and weighed. (C) The fetal
to placental mass ratio (F/P ratio) was calculated. ((D) The ratio of dead to living fetuses was calculated
per mother. Data are means + s.e.m., n = 11-13, *p <0.05, **p <0.01 WTNFD vs. WTHFD, #p < 0.05
WTHFD vs. nmf333HFD by one-way ANOVA and Tukey’s multiple-comparisons test.

Fetal mass was significantly lower in offspring from WT HFD dams compared to NFD controls
(Fig. 13A). Remarkably, fetal mass from nmf333 HFD offspring was not significantly different
from WT and nmf333 NFD fetal mass. Furthermore, while there was a tendency of higher
placenta mass in HFD WT dams, this did not reach significance (Fig. 13B). In line, the fetal to

placental mass ratio (F/P ratio) was significantly lower in WT HFD pregnancies compared to
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WT NFD pregnancies, while it was restored in the nmf333 HFD group (Fig. 13C). Moreover,
the fraction of dead fetuses was notably higher in the WT HFD group compared to WT NFD
controls (Fig. 13D). Surprisingly, the fraction of dead fetuses was not significantly different in
HFD nmf333 dams compared to NFD WT and nmf333 pregnancies (Fig. 13D).

As the F/P ratio has been considered as a marker for placental efficiency [146] and maternal
obesity has been shown to affect labyrinthine vascularization [147], morphology and vascular
integrity of the placenta were evaluated [1]. H&E staining of placenta tissue sections showed
that placentas from HFD WT dams exhibited signs of vascular congestion and blood
coagulation in the placental labyrinth, indicated by large quantities of erythrocytes in the
maternal blood lacunae, while this finding was not observed in placentas from all the other

groups (Fig. 14A).

Maternal obesity has also been shown to affect blood vessel density and maturity [147].
Therefore, we investigated whether p22phox would alter placental vascularization [1]. To
evaluate the quantity of mature vessels, placentas were stained with an antibody against a-SMA.
Compared to WT NFD placentas, HFD feeding decreased a-SMA staining in WT placenta,
although these data were not significant (Fig. 14B). Immunostaining for CD31 illustrated a
significant decrease in the number of CD31" vessels in WT HFD placentas compared to NFD
control placentas, while the number of CD31" vessels was significantly higher in nmf333 HFD
placentas (Fig. 14C/D). However, placentas of WT HFD mice exhibited a significant decrease
in CD31/a-SMA ratio indicating a reduced vessel maturity, while vessels in WT NFD placentas
were more mature (Fig. 14E). Interestingly, the CD31/a-SMA ratio of nmf333 HFD placentas
was significantly higher in comparison to placentas of WT HFD dams, however, vessels were

still significantly less mature than those of WT NFD placentas (Fig. 14E).
The following paragraph has not been submitted for publication, thus contains new data.

As the amount of lectins in human placental trophoblasts and endothelial cells has been
associated with intrauterine growth retardation [148], N-acetyl-D-glucosamine (WGA)
disposition as a representative for lectin was evaluated in placental labyrinthic tissue. However,
no significant changes in WGA distribution could be observed between the groups (Fig. 15

A/B).
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Figure 14. p22phox induces placental vascular congestion and decreases vessel density and
maturity in response to HFD [1].

(A-E) WT and nmf333 mice were fed a HFD for 20 weeks starting from 5 weeks age. Dietary controls
received NFD. 25-weeks-old mice were mated and kept on continuous diet during the course of
pregnancy. Mice were dissected at GD17.5. (A) FFPE placenta sections were stained with H&E.
Representative stainings of the placental labyrinth in 40x magnifications are shown. *Scale bar, 50 um.
(B) FFPE placenta sections were stained with an antibody against alpha smooth muscle actin (a-SMA).
Representative stainings of the placental labyrinth in 10x magnifications are shown. (C/D) FFPE
placenta sections were stained for CD31. Antibody-bound antigens were visualized by 3,3'-
diaminobenzidine. Counterstaining was performed with Mayer’s Haematoxylin. (C) Representative
stainings in 40x magnifications are shown. *Scale bar, 50 um. (D) Number of CD31" blood vessels
were counted in 4-5 high-power fields per placenta section. (E) Vessel maturity was calculated by
determining ratio between CD31 and a-SMA. Data are means + s.d., n = 2-3, **p < 0.01, ***p <0.001
WTNEFD vs. WTHFD, $p <0.05 WTNFD vs. nmf333HFD, #p < 0.05 WTHFD vs. nmf333HFD by one-
way ANOVA and Tukey’s multiple-comparisons test.
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Figure 15: p22phox does not affect N-acetyl-D-glucosamine distribution in the placental labyrinth.
(A-B) WT and nmf333 mice were fed a HFD for 20 weeks starting from 5 weeks age. Dietary controls
were fed with NFD. 25-weeks-old mice were mated and kept on continuous diet during the course of
pregnancy. Mice were dissected at GD17.5. (A/B) FFPE placenta sections were stained with wheat germ
agglutinin (WGA). Nuclei were visualized with Hoechst 33342. (A) Representative stainings in 40x
magnifications are shown. *Scale bar, 50 um. (B) Fluorescence intensity was measured in 4 high-power
fields per placenta section. Data are means + s.d., n = 3, p < 0.05 was regarded as significant.

7.3.2. p22phox promotes high-fat diet-induced lipid accumulation and

glycogen deposition in the placenta

In order to assess whether p22phox has an impact on placental metabolism under HFD, we
investigated placental lipid deposition [1]. Oil Red O staining of placenta cryo-sections
demonstrated a significant increase in lipid accumulation in WT HFD placentas compared to
NFD control placentas both in the maternal (decidua basalis) and fetal (labyrinth) part, the
increase in the latter being even more distinct, while HFD fed nmf333 littermates did not show

changes in lipid accumulation (Fig. 16A-D).

Interestingly, changes in placental glycogen deposition have been linked to pregnancy
complications, particularly those associated with altered fetal growth [149, 150]. One
hypothesis suggests that, in diabetic pregnancies, the placenta stores excess glucose as glycogen

to protect the fetus from hyperglycemia, thus limiting fetal overgrowth [151].

Thus, glycogen deposition was evaluated by staining placental FFPE sections with PAS [1].
Glycogen deposition was markedly elevated in placentas derived from WT HFD dams

compared to all other groups (Fig. 16E/F).
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Figure 16. p22phox promotes HFD-induced lipid accumulation and glycogen storage in the
placenta [1].

(A-F) 5-weeks-old WT and nmf333 mice were fed a HFD for 20 weeks. Dietary controls received NFD.
25-weeks-old mice were mated and kept on continuous diet during the course of pregnancy. Mice were
dissected at GD17.5. (A/B/C/D) Cryofixed placenta sections were stained with Oil Red O.
Counterstaining was performed with Mayer’s hematoxylin. (A/C) Representative stainings of the
labyrinth (A) and decidua (C) in 40x magnifications are shown. Lipid droplets are exemplary
highlighted by black arrows. *Scale bars, 50 um. (B/D) Amount of lipids were quantified in 10 high-
power fields per placenta section. (E/F) FFPE placenta sections were stained with PAS. (E)
Representative stainings in 5x and 20x magnifications are shown. *Scale bars, 50 pum. (F) Amount of
glycogen was measured in 10 high-power fields per placenta section. Data are means =s.d., n =3, *p <
0.05, **p < 0.01, ***p < 0.001 WTNFD vs. WTHFD, #p < 0.05, ##p <0.01, ###p < 0.001 WTHFD vs.
nmf333HFD by one-way ANOVA and Tukey’s multiple-comparisons test.
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7.3.3. p22phox drives high-fat diet-induced oxidative stress in the placenta

Next, we examined possible DNA damage and oxidative stress in HFD-induced obese and
diabetic placentas [1]. FFPE sections were therefore stained with 8-OHdG. Indeed, placentas
of WT HFD fed mice presented clearly elevated levels of oxidative DNA damage both in
maternal (decidua basalis) and fetal (labyrinth) tissue compared to WT NFD placentas, while

placentas of HFD fed nmf333 mice showed significantly lower levels of oxidative stress (Fig.

17A-D).
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Figure 17. p22phox drives HFD-induced oxidative DNA damage in the placenta [1].

(A-D) 5-weeks-old WT and nmf333 mice were HFD fed for 20 weeks. Dietary controls received NFD.
25-weeks-old mice were mated and kept on continuous diet during the course of pregnancy. Mice were
dissected at GD17.5. (A/B/C/D) FFPE placenta sections were stained with an antibody against 8-OHdG.
Nuclei were visualized with Hoechst 33342. (A/C) Representative stainings of the labyrinth (A) and
decidua (C) in 40x magnifications are shown. *Scale bars, 50 um. (B/D) Fluorescence intensity was
measured in 4 high-power fields per placenta section. Data are means + s.d., n = 3, ***p < 0.001
WTNFD vs. WTHFD, #p < 0.05, ##p < 0.01 WTHFD vs. nmf333HFD by one-way ANOVA and

Tukey’s multiple-comparisons test.
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7.3.4. p22phox promotes high-fat diet-induced lipid accumulation and

oxidative stress in fetal livers

In consideration of the fact that p22phox alters placental metabolism and promotes oxidative
DNA damage, we investigated possible changes in the fetal organism [1]. Besides being the
first organ to be passed by the nutrient-rich maternal blood, the fetal liver is also a target of
environmental changes through epigenetic mechanisms which could be the cause for metabolic

diseases in adulthood [152].
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Figure 18. p22phox promotes HFD-induced oxidative stress and lipid accumulation in fetal livers
[1].

(A-D) 5-weeks-old WT and nmf333 mice were HFD fed for 20 weeks. Dietary controls received NFD.
25-weeks-old mice were mated and kept on continuous diet during the course of pregnancy. Mice were
dissected at GD17.5. (A/B) FFPE sections of E17.5 old fetuses were stained with an antibody against 8-
OHAG. Nuclei were visualized with Hoechst 33342. (A) Representative stainings of the fetal liver in
20x magnifications are shown. *Scale bars, S0um. (B) Fluorescence intensity was measured in 5 high-
power fields per fetal liver section. (C/D) Cryofixed fetus sections were stained with Oil Red O.
Counterstaining was performed with Mayer’s hematoxylin. (C) Representative stainings of fetal livers
in 20x magnifications are shown. *Scale bars, 50um. (D) Amount of lipids were quantified in 10 high-
power fields per fetal liver section. Data are means = s.d., n =3, **p < 0.01 WTNFD vs. WTHFD, #p <
0.05 WTHFD vs. nmf333HFD by one-way ANOVA and Tukey’s multiple-comparisons test.
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To test whether oxidative stress is also present in fetal livers of HFD fed dams, FFPE sections
of the fetus (E17.5) were stained for 8-OHdG. In livers from WT HFD fetuses nuclear 8-OHdG
levels were significantly higher compared to the NFD groups, while this increase was not

observed in livers from HFD fed nmf333 fetuses (Fig. 18A/B).

When lipid deposition was assessed by Oil Red O staining, fetal livers from the WT HFD group
exhibited significantly increased diffuse accumulation of lipid droplets in contrast to offspring
from WT NFD dams, however, lipid deposition was substantially lower in livers from HFD

nmf333 fetuses (Fig. 18C/D).

These data clearly point to a role of p22phox in promoting HFD-induced oxidative damage and

lipid deposition in fetal livers [1].
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8. Discussion

Parts and contents of this chapter and the following subchapters have been submitted for

publication [1].

High-fat diet has been shown to induce obesity in various animal models, especially in mice
[153-155]. A chronic HFD regime has also been associated with obesity-related metabolic
complications, such as the metabolic syndrome [156, 157] and T2DM [158, 159]. In this study,
the role of p22phox-dependent NADPH oxidases in the development of HFD-induced obesity
and glucose intolerance was investigated, and their function in the genesis of metabolic
complications during pregnancy was evaluated [1]. For this purpose, an animal model with
mutant nmf333 mice lacking functional p22phox due to a point mutation in the CYBA gene

[128] was used and exposed to fat-derived calories before and during pregnancy [1].

This study shows that p22phox under HFD mediates: a) obesity and white fat deposition; b)
glucose intolerance and insulin resistance; c¢) intrauterine growth retardation and fetal death;

and d) ROS-mediated placental lipotoxicity and vascular remodeling [1].

8.1. p22phox promotes high-fat diet-induced obesity, glucose

intolerance and insulin resistance

Data in this study demonstrated that mice with a functional p22phox protein developed obesity
and visceral white fat accumulation in response to HFD feeding, whereas mice lacking
functional p22phox remained relatively unscathed, suggesting that p22phox mediates obesity

development under HFD [1].

Evidence suggests that HFD fed mice overexpressing p22phox in vascular smooth muscle
exhibited augmented obesity, reduced HDL cholesterol, increased levels of leptin and the
proinflammatory chemokine MCP-1 as well as excessive ROS production [1, 160]. Indeed,
NADPH oxidases have been shown to be systemically upregulated in vascular, adipose and
kidney tissues in a rat model of diet-induced obesity [1, 161]. In addition, Furukawa et al. have
reported augmented NADPH oxidase expression and increased ROS production in adipose
tissue of obese mice, suggesting a link between NADPH oxidases and obesity-related metabolic
disorders [1, 109]. In line, a previous study with NOX2 knockout (NOX2KO) mice has shown
a reduction of visceral fat accumulation (inguinal fat depot) in HFD fed NOX2KO mice
compared to WT mice under HFD [162].
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Results of this study support the notion that p22phox, an important NOX stabilizer and
obligatory subunit essential for the activation of several NOX isoforms, is a driving force in the
development of obesity and obesity-related diseases. We could show that p22phox induced

glucose intolerance and insulin resistance in a HFD regime [1].

These results are consistent with previous reports suggesting ROS to be the initial key trigger
for HFD-induced insulin resistance [1, 163]. Furthermore, monocytes of patients with T2DM
have shown increased expression of p22phox, indicating that a state of hyperglycemia promotes
oxidative stress by activation of NADPH oxidases [1, 164]. In line, studies on Zucker diabetic
fatty (ZDF) rats, a widely used animal model for type 2 diabetes [165], have also presented
higher levels of NADPH oxidase activity and ROS generation in obese diabetic rats than in lean
controls [1, 166, 167]. Similar results were found in the NOX2KO HFD mouse model showing
a significant increase in intrinsic blood glucose levels and glucose intolerance measured with

OGTT in WT HFD compared to HFD fed NOX2KO mouse [162].

However, our results did not show a significant increase in glucose intolerance in HFD fed
pregnant WT mice compared to non-pregnant HFD fed WT mice, whereas nmf333 HFD mice
exhibited unharmed glucose tolerance even during pregnancy, suggesting that p22phox indeed
promotes HFD-induced glucose intolerance in mice which is maintained during pregnancy, but

does not necessarily induce GDM [1].

These findings may be in conflict with previous evidence showing the presence of increased
placental oxidative stress in women with GDM [1, 168]. Nevertheless, to this day not much has
been published about the exact role of the NOX family in the evolution of GDM, requiring
further studies to reveal the underlying mechanisms of NADPH oxidases and ROS in the
development of GDM [1].

8.2. p22phox induces NAFLD/NASH and oxidative stress under

high-fat diet in maternal livers
Western diet consumption has been demonstrated to upregulate the expression of some NOX
isoforms in the liver, thereby inducing impaired insulin responses and oxidative stress [169]. In

particular, it has been observed that a diet rich in fructose can upregulate the expression of both

NOX2 and NOX4 in the liver and adipose tissue [170].
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NADPH oxidases were shown to play an important role in sustaining the progression of various
chronic liver diseases, such as non-alcoholic fatty liver disease (NAFLD), but also more serious
liver diseases like non-alcoholic steatohepatitis (NASH), liver fibrosis and cirrhosis [1, 171-
175]. A recent study investigated the existence of single-nucleotide polymorphisms (SNPs) in
the genes coding for NOX4 (NOX4) and p22phox (CYBA) and observed an association
between the rs3017887 SNP of NOX4 and higher liver enzyme concentration in NAFLD
patients, and also between the CYBA-675 T/A CYBA polymorphism and higher triglyceride
levels in NASH patients [1, 176].

On this account, this study examined the role of p22phox in the development of NAFLD/NASH
in pregnant mice fed with HFD. Indeed, we could show that p22phox promoted hepatic steatosis,
accumulation of liver necrosis and fibrosis in pregnant mice under HFD, producing a state of

NAFLD in transition to NASH [1].

Concomitantly, recent evidence has pointed to increased expression of NOXI1 in livers of
NASH patients but also in HFD fed mice [177]. In addition, NOX1 deficiency attenuated HFD-
induced liver injury and suppressed the accumulation of protein nitrotyrosine adducts in hepatic
sinusoids [177]. In accordance to our study, these data suggest the important role of NOX1 and
NADPH oxidases in the progression of NAFLD. In support, it has previously been
demonstrated that progression of NAFLD is associated with NOX2-dependent ROS generation
[1, 178, 179].

This study indicates that HFD-induced obesity and impaired glucose tolerance provoked by
p22phox is associated with NAFLD/NASH in pregnancy [1].

The following paragraphs have not been submitted for publication, unless otherwise stated.

Previous studies have shown a clear link between NAFLD and metabolic diseases such as
glucose intolerance/T2DM and the metabolic syndrome in non-pregnant patients [180, 181].
Recent evidence points out that the incidence of NAFLD in early gestation is involved in the
development of GDM in later stages of pregnancy [182], clearly highlighting the link between
NAFLD and impaired glucose homeostasis in pregnancy. Interestingly, several studies reported
disconcordant findings, suggesting no link between NAFLD and glucose intolerance. Sattari et
al. reported that sonographic evidence of NAFLD during later gestational stages were not
concomitant with impaired glucose tolerance during and after pregnancy [183]. Likewise, it has

been stated that though NAFLD is prevalent in women with prior GDM, it is not associated
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with glucose intolerance but with increasing insulin resistance and larger waist circumference

[184]. This discrepancy might relate to a multifactorial pathogenesis of NAFLD in pregnancy.

It is known that T2DM is associated with elevated levels of liver glycogen both in fasting and
non-fasting conditions [185, 186]. Recent evidence suggests that in diabetic livers glycogen,
which under healthy conditions consists of a-particles that are made by multiple B-particles, is
composed of more fragile a-particles. In fasting conditions, diabetic glycogen was found to
degrade more quickly and form smaller-sized particles than in non-fasting conditions [187].
However, this is not the case in livers with steatosis, such as in NAFLD/NASH. In comparison
to patients with T2DM, NAFLD patients have been shown to have lower basal hepatic glucose
production [181]. In db/db mice hepatic steatosis was already accompanied by reduced
glycogen storage [188]. The shrinking capacity of glycogen production and storage is even

more amplified with the increase of fibrosis as seen in liver cirrhosis [189].

Interestingly, in this study, a significant reduction of glycogen in livers of pregnant HFD fed
WT mice was shown. These livers exhibited signs of hepatic steatosis and fibrosis consistent
with NAFLD/NASH. Taken together, these data further support the observation that p22phox
induces NAFLD/NASH under HFD in pregnant mice.

Kupffer cells, resident hepatic macrophages located in liver sinusoids, are critical mediators of
hepatic response to liver injury and inflammation, but they also contribute to different liver
pathologies such as metabolic liver diseases [190]. These cells were shown as major
contributors in the progression of NAFLD/NASH and insulin resistance [191-193]. As a

member of the mononuclear cells, Kupffer cells have been shown to express F4/80 [194].

This study reports a significant increase in F4/80-positive cells in the liver of HFD fed pregnant
WT and their relative decrease in HFD nmf333 mice, indicating that p22phox under HFD

conditions increases the number of hepatic macrophages [1].

This is in accordance to previous findings that showed increased ROS generation by hepatic
macrophages via NOX2 activation in NAFLD [179]. In support, NADPH oxidases have been
reported to contribute to the evolution of liver fibrosis. Elevated NOX4 levels were shown in
patients with NASH compared to healthy controls [175]. Furthermore, mice with hepatocyte-
specific NOX4-deficiency exhibited attenuated oxidative stress and liver fibrosis under HFD-

induced steatohepatitis [175].

Data in the present study clearly demonstrated the presence of oxidative stress and DNA

damage in HFD fed WT mouse livers, indicating that functional p22phox induces oxidative
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stress in maternal livers under HFD and thus plays a critical role in the development of HFD-

induced NAFLD/NASH [1].

These results support and specify previous findings showing that NADPH oxidase deficiency
protects mice from oxidative phosphorylation dysfunction, oxidative DNA damage and NASH
caused by HFD [195]. In support, studies have shown development of oxidative stress in
patients with NAFLD, which is even aggravated when progression to NASH occurs [196].
Concomitantly, previous studies demonstrated that the presence of ROS leads to lipid
accumulation in hepatocytes and thus contributes to the genesis of NAFLD/NASH, even though
the proposed pathways differed [197, 198].

8.3. p22phox promotes intrauterine growth restriction and

intrauterine fetal death under high-fat diet

Maternal obesity has been associated with adverse pregnancy outcomes such as preeclampsia,
GDM and cesarean section, but also with fetal complications like congenital anomalies and
macrosomia [1, 199, 200]. Similarly, diabetes in pregnancy is accompanied with high risks both
for mother and fetus with higher incidence of hypertensive disorders, cardiovascular

complications, congenital malformations and stillbirth [1, 201].

The present study investigated the effect of p22phox in pregnancies of HFD-induced obese and
(pre)diabetic dams. We could show that in our mouse model p22phox promoted intrauterine
growth restriction (IUGR) as indicated by significantly lower fetal mass, a decreased fetal to
placental mass ratio (F/P ratio) and most importantly a significant increase in intrauterine fetal
deaths, illustrated by a fraction of dead fetuses of approximately 50% [1]. Since no studies
about the relationship between p22phox, obesity/diabetes and pregnancy have yet been

performed, our study provides novel data in this field.

Chronic HFD regime before and during pregnancy has been reported to affect fetal growth [1].
Previous evidence has shown that fetuses of mothers fed HFD prior to and during pregnancy
exhibited significantly lower fetal weights [1, 202]. In line, maternal HFD in non-human
primate models was accompanied with a significantly increased rate of stillbirth in HFD groups

compared to controls [1, 203].

Studies on the reproduction of diabetic rats have reported significantly increased resorptions

and embryonic losses, smaller litter sizes, a reduced number of living fetuses, and smaller
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fetuses for gestational age [1, 204, 205]. But adverse pregnancy outcomes associated with
diabetes also comprise diverse fetal malformations [204]. Interestingly, apart from lower fetus
weights, diabetic female rats also presented higher placental weights, higher levels of placental
oxidative stress markers and ROS production, as well as increased levels of nitric oxide end

products and 8-OHdG in the placenta [206].
The following paragraphs have not been submitted for publication.

The risk of perinatal death has been shown to be dependent on the F/P ratio, with perinatal
deaths occurring the fewest when the F/P ratio was appropriate (balanced growth of placenta

and infant) [146].

Similarly, the decrease in F/P ratio in our WT HFD mice might be related to the increased
incidence of fetal deaths in this group. On the contrary, pregnancies of nmf333 HFD mice
exhibited an appropriate F/P ratio comparable to that of NFD controls, possibly explaining the

less frequent fetal deaths in this group.

However, the exact reasons behind the stronger occurrence of [IUGR and fetal deaths in obese

and diabetic dams are not well understood.

8.4. p22phox promotes high-fat diet-induced lipotoxicity in

placentas and fetal livers

Pregnancy complications such as preeclampsia and [UGR have often been associated with the
occurrence of oxidative stress and lipid peroxidation [1, 207, 208]. Therefore, we hypothesized
that NADPH oxidases and especially p22phox play a critical role in HFD-induced lipotoxicity.
Hence, we investigated the possible presence of lipotoxicity in the placenta which as a mediator

between mother and fetus could have deleterious effects for the fetus when affected.

Indeed, we could show that placentas and fetal livers of the WT HFD group presented
significantly increased lipid accumulation compared to the respective p22phox-deficient

nmf333 group [1].

So far, studies have reported that placentas of obese and HFD fed dams presented increased
placental fatty acid transporter expression and fatty acid oxidation, and also uptake of
chylomicron lipids [1, 209, 210]. Maternal obesity has also been associated with a lipotoxic
placental environment, prone to impair angiogenesis and increase inflammation and oxidative

stress [211].
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Currently, the relationship between NADPH oxidases, placental lipotoxicity and glucose
intolerance/T2DM has not been properly explored. It was previously demonstrated that
placentas of patients with T2DM exhibited lipid overaccumulation, increased lipid peroxidation
and NO overproduction [1, 212]. This was confirmed by data illustrating that placentas of obese
women with GDM revealed a greater number of notably larger lipid droplets [213]. Besides,
previous evidence has shown that NADPH oxidases are accountable for increased lipid
peroxidation in human placental microsomes and mitochondria [1, 214-216]. Matsubara et al.
have histochemically demonstrated NADPH oxidase activity in syncytial microvillous
membranes of the human placenta and therefore presumed that these enzymes may play a role
in placental lipid peroxidation [217]. Furthermore, lipid peroxidation has previously been
associated with pregnancy complications such as preeclampsia. Studies have reported increased
placental lipid peroxidation and decreased antioxidant enzyme activity in preeclamptic

pregnancies [218, 219].

In line, in the present study, we could show that under HFD and diabetic conditions NADPH

oxidases and in particular p22phox indeed contributed to placental lipid peroxidation [1].

Accumulating evidence suggests that impaired maternal lipid metabolism also alters fetal
metabolism [1, 220]. It was shown that fetuses of obese dams exhibited elevated blood
triglyceride levels [210]. Previous studies have reported lipotoxicity in livers of fetuses from
HFD fed mothers with increased levels of liver triglycerides and hepatic oxidative stress [1,
221]. Increased levels of triglycerides were also depicted by Oil Red O staining, illustrating
diffuse accumulation of lipid droplets in fetal livers from HFD mothers [222]. In line, in a
primate model of maternal obesity, signs of increased lipid accumulation and severe steatosis
were found in fetal livers [223]. Additionally, oxidative damage markers were significantly

increased in livers of offspring from obese dams [1, 224].

Our data support these findings by showing p22phox-dependent accumulation of lipid droplets
and signs for oxidative damage in fetal livers under HFD conditions which might illustrate the

impact of placental lipotoxicity on the fetus [1].

8.5. p22phox induces reactive oxygen species-mediated
vasculopathy in high-fat diet placentas

The majority of the following paragraphs have not been submitted for publication, unless

otherwise stated.
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Diabetes and obesity have been associated with an imbalance between the maternal oxidative
and anti-oxidative defense system, resulting in extensive oxidative stress levels [225]. Similar
studies with diabetic rats reported that maternal diabetes significantly increased levels of
oxidative stress and 8-OHdG in the placenta [206, 226]. Oxidative stress in the placenta can
lead to severe pregnancy complications such as preeclampsia and fetal growth restriction [227-
229] as well as GDM [229]. However, there are not many studies examining the role of NADPH
oxidases, in particular that of p22phox, in the formation of placental oxidative stress under HFD

conditions.

In the present study it was shown that p22phox-dependent NADPH oxidases promoted
oxidative damage both in the decidua and in the placental labyrinth under HFD [1].

Previous studies have demonstrated that NADPH oxidases are the major source of placental
superoxide production in early pregnancy [230]. Evidence pointed to the isoform NOXI1 as a
major source of increased ROS levels in preeclamptic placentas [231]. Other studies have
identified elevated endothelial NOX2 expression in women with preeclampsia and
demonstrated that apocynin, an unspecific inhibitor of NADPH oxidases [232], prevented
negative effects of NOX2-mediated oxidative stress [233]. In addition, higher NOX4 protein

levels were demonstrated in human placentas with preeclampsia [234].

In contrast, growing evidence suggests that ROS are not necessarily detrimental, but can also
play an important role in initial stages of pregnancy. For instance, it was demonstrated that
trophoblast cells expressed main subunits of NADPH oxidases, thus enabling them to produce
ROS and thereby contribute to implantation and placentation [235]. In line, it was shown that
ROS, when primarily generated by p22phox/NOX4 complex activation, play a crucial role in

initiating decidualization [236].

However, our study results indicate that ROS-mediated oxidative stress generated by functional
NADPH oxidases in placentas contribute to impaired fetal survival under HFD and T2DM

conditions [1].

Nonhuman primate models have demonstrated that HFD disturbs uterine and placental
hemodynamics by reducing both uterine and fetal volume blood flow, consequently leading to
increased frequency of placental infarctions [1, 203]. Furthermore, recent evidence links
maternal obesity to impaired labyrinthine vasculature, suggesting reduced placental nutrient
transport from the maternal circulation to be the underlying cause for fetal growth restriction

[1,34].
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Our data support and extend these findings by showing massive vascular congestion in HFD
fed WT placentas whereas HFD fed nmf333 mice were not affected, indicating that p22phox is

a major contributor to HFD-induced placental vasculopathy.

In C57BL/6 mice it was also demonstrated that HFD before and during pregnancy resulted in
impaired glucose metabolism, insulin resistance and increased levels of placental oxidative
stress [237]. There is evidence suggesting that the latter plays a critical role in placental vascular
dysfunction associated with ITUGR [1, 238]. Oxidative stress was additionally shown to
contribute to endothelial necrosis, accompanied by reduced endothelial cell marker (CD31),
pointing to oxidative stress-mediated placental vascular damage under HFD [1, 237]. Similar
results were reported in C57BL/6N mice which presented downregulated expression of CD31
on both mRNA and protein level under HFD, indicating impaired vascularization in the

labyrinth zone of the placenta [239].

Disturbed vascularization was also demonstrated by Hayes et al., although a 2-fold increase of
CD31" and a 30% decrease in aSMA-stained blood vessels was shown, pointing to the presence
of more, but immature blood vessels [147]. In line, several studies reported placental hypoxia
in HFD fed mice with likewise increased CD31 immunostaining [240, 241]. These data seem
difficult to reconcile with the reduction of CD31" vessels mentioned before, but in fact, under
hypoxic conditions increased VEGF expression stimulates angiogenesis [242, 243] and as a
result promotes the development of immature blood vessels and increase in CD31 staining [240].
This evidence of placental hypoxia coincides with the previously mentioned reduction of
uteroplacental blood flow under HFD conditions [203]. These controversial findings may refer
to different stages of placental damage under HFD: while in the beginning oxidative stress-
induced endothelial necrosis and reduction of blood vessels (decreasing CD31 staining)
predominate, reduced placental blood flow in later stages might lead to placental infarctions
and consequently placental hypoxia, promoting angiogenesis via hypoxia-inducible factors

[244]. However, the exact mechanistic sequences are not yet fully understood.

Our results show decreased vessel density, demonstrated by CD31 immunostaining as well as
reduced vessel maturity in HFD fed WT placentas and thereby support and augment the
evidence of impaired vascularization in the placenta [1]. Since mutant nmf333 mice under HFD
were not affected, our data indicate that p22phox plays a critical role in the development of
HFD-induced placental vascular dysfunction [1]. In addition, we observed a reduction of a-

SMA" vessels in the placental labyrinth of HFD fed WT mice, however, these data were not
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significant. Nevertheless, this finding may reflect the dominance of immature blood vessels in

these placentas.

Taken together, in placentas of WT HFD dams vascular dysfunction in terms of vascular
congestion and damage, provoked by p22phox-dependent NADPH oxidases, could additionally
contribute to the higher incidence of IUGR and intrauterine fetal deaths in this group [1].

73



Discussion

8.6. Conclusion

Contents of this chapter have been submitted for publication [1].

This study could show for the first time that p22phox as a key subunit of NADPH oxidases
plays a crucial role in the development of obesity and T2DM. Mice with p22phox-dependent
NADPH oxidases exhibited an obese phenotype and developed glucose intolerance and insulin

resistance under HFD in contrast to littermates with p22phox-deficiency.

p22phox was involved in the sustainment of obesity and glucose intolerance also during
pregnancy. In addition, pregnant HFD mice with p22phox-dependent NADPH oxidases
presented characteristics of NAFLD in transition to NASH with increased necrosis, higher

number of macrophages, liver fibrosis and oxidative stress.

Our results demonstrated that the reproduction performance of female mice with p22phox-
dependent NADPH oxidases was severely impaired under HFD conditions since this group
showed a significant reduction in fetal mass (IUGR) and F/P ratio, but also a massive increase

in intrauterine fetal deaths.

Moreover, p22phox contributed to increased ROS-mediated oxidative damage and lipotoxicity
as well as vascular dysfunction in placentas of HFD fed pregnant dams which in the

combination might be the underlying reason for its major impact on fetal survival.

Taken together, findings in this study point to a significant role of p22phox in pregnancy
complications and adverse fetal outcomes associated with obesity and T2DM, which may

provide a fundament for future therapeutic approaches.

8.7. Limitations of the study

Since the nmf333 mutant mouse strain carries a single point mutation in the CYBA gene which
causes instability of the p22phox protein, it is a good model for p22phox-deficiency. However,
mRNA levels of p22phox are preserved. Hence, more studies should be carried out on mice
with a complete knockout of p22phox, in order to more specifically evaluate the role of p22phox

in the pathogenesis of obesity and diabetes-related disorders.
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11. Appendix A — Automated image analysis using ImageJ

DAPI image Blue channel Selection GFP Slider

R~

Appendix Figure 1: 8-OHdG staining quantification. An automated protocol according to Guirado
et al. was implemented and adjusted [134]. DAPI image was split into color channels. 10% of the
brightest pixels were selected on the blue channel to create a mask which was applied on the GFP
Slider image to determine mean gray values.

RGB image Color Threshold

Appendix Figure 2: F4/80 staining quantification. Color threshold was set by adjusting hue,
saturation and brightness according to the brown reaction sites.

RGB image Green channel Threshold

Appendix Figure 3: H&E staining quantification of lipid droplets. RGB image was split into color
channels. Threshold was set on the green channel according to the extent of lipid droplets.
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RGB image Color Threshold

Appendix Figure 4: Picrosirius Red staining quantification of collagen. Color threshold was set by
adjusting hue, saturation and brightness according to the red fibers.

RGB image Color Threshold

Appendix Figure 5: ORO staining quantification of lipids. Color threshold was set by adjusting
hue, saturation and brightness according to the stained area.
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12. Appendix B — Source code of automated image analysis

12.1. Split images in four equal parts

origen = getDirectory("Images to process");

lista = getFilelList(origen);

File.makeDirectory(origen + "Split\\");

setBatchMode(true);

for (j = @; j < lista.length; j++) {
showProgress(j + 1, lista.length);
open(origen + lista[j]);

nombre = lista[j];

n = 2;

id = getImagelID();

title = getTitle();

getLocationAndSize(locX, locY, sizeW, sizeH);
width = getWidth();

height = getHeight();

tileWidth = width / n;

tileHeight = height / n;

for (y = 8; y < n; y++) {
offsetY = y * height / n;
for (x = @; x < n; x++) {
open(origen + listal[j]);
offsetX = x * width / n;

makeRectangle(offsetX, offsetY, tileWidth, tileHeight);
run("Crop");

saveAs("tiff", origen + "Split\\" + nombre + "-" +y + "-" + Xx);
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12.2. Select nuclei on blue image and use selection on green image

origen = getDirectory("Images to process");

lista = getFilelList(origen);

File.makeDirectory(origen +"Masks\\");

setBatchMode(true);

for (j = @; j < lista.length; j++) {
showProgress(j + 1, lista.length);
open(origen + lista[j]);

run("Next Slice [>]");
run("Delete Slice");

nombre = lista[j];
setBackgroundColor(0, 0, 9);
run("Duplicate..."”, "duplicate");
run("Gaussian Blur...", "sigma=1");

run("Split Channels");

id = getImagelID();

selectImage(id + 0);
run("Duplicate...", "duplicate");
tissueThreshPerc = 95;

nBins = 255;

getHistogram(values, count, nBins);

cumSum = getWidth() * getHeight();

tissueValue = cumSum * tissueThreshPerc / 100;
cumSumValues = count;

for (i = 1; i < count.length; i++) {
cumSumValues[i] += cumSumValues[i - 1];

}

for (i = 1; i < cumSumValues.length; i++) {
if (cumSumValues[i - 1] <= tissueValue && tissueValue <= cumSumValues[i]) {
setThreshold(i, 255);
setOption("BlackBackground", false);
run("Convert to Mask");

}

run("Median...", "radius=2");

run("Watershed");

saveAs("tiff", origen +"Masks\\"+nombre+"_ BlueMask");
run("Analyze Particles..."
run("Create Selection");

, "size=0.01-Infinity summarize");

close();
close();

open(origen + lista[jl);

run("Delete Slice");

run("Restore Selection");
run("Set Measurements..."
run("Measure");

close();

, "area mean integrated area_fraction display redirect=None decimal=3");
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12.3. Process green image without red image

origen = getDirectory("Images to process");
lista = getFilelList(origen);
File.makeDirectory(origen + "Masks\\");
setBatchMode(true);
for (j = @; j < lista.length; j++) {
showProgress(j + 1, lista.length);
open(origen + lista[j]);
run("Delete Slice");
nombre = lista[j];
setBackgroundColor(0, 0, 9);
run("Duplicate..."”, "duplicate");
run("Gaussian Blur...", "sigma=1");
run("Split Channels");
id = getImagelID();
selectImage(id + 1);
run("Duplicate..."”, "duplicate");
tissueThreshPerc = 95;
nBins = 255;
getHistogram(values, count, nBins);
cumSum = getWidth() * getHeight();
tissueValue = cumSum * tissueThreshPerc / 100;
cumSumValues = count;
for (i = 1; i < count.length; i++) {
cumSumValues[i] += cumSumValues[i - 1];
}
for (i = 1; i < cumSumValues.length; i++)
if (cumSumValues[i - 1] <= tissueValue && tissueValue <= cumSumValues[i]) {
setThreshold(i, 255);
setOption(“BlackBackground", false);
run("Convert to Mask");
¥
run("Median...", "radius=2");
saveAs("tiff", origen + "Masks\\" + nombre + " _Blue");
run("Analyze Particles...", "size=0.01-Infinity summarize");
run("Create Selection");
run("Copy");
close();
selectImage(id + 1);
run("Restore Selection");
run("Set Measurements..."
run("Measure");
close();
selectImage(id + 2);
run("Duplicate..."”, "duplicate");
tissueThreshPerc = 95;
nBins = 255;
getHistogram(values, count, nBins);
cumSum = getWidth() * getHeight();
tissueValue = cumSum * tissueThreshPerc / 100;
cumSumValues = count;
for (k = 1; k < count.length; k++) {
cumSumValues[k] += cumSumValues[k - 17;

, "area mean integrated area_fraction display redirect=None decimal=3");

¥
for (k = 1; k < cumSumValues.length; k++)

if (cumSumValues[k - 1] <= tissueValue && tissueValue <= cumSumValues[k]) {
setThreshold(k, 255);
setOption("BlackBackground", false);
run("Convert to Mask");
)
run(“Median...", "radius=2");
saveAs("tiff", origen + "Masks\\" + nombre + "_2");
run("Analyze Particles...", "size=0.01-Infinity summarize");
run("Create Selection");
run("Copy");
close();
selectImage(id + 2);
run("Restore Selection");
run("Set Measurements..."
run("Measure");
close();

, "area mean integrated area_fraction display redirect=None decimal=3");
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12.4. Process red image without green image

origen = getDirectory("Images to process");
lista = getFilelList(origen);
File.makeDirectory(origen + "Masks\\");
setBatchMode(true);
for (j = @; j < lista.length; j++) {
showProgress(j + 1, lista.length);
open(origen + lista[j]);
run("Delete Slice");
nombre = lista[j];
setBackgroundColor(0, 0, 9);
run("Duplicate..."”, "duplicate");
run("Gaussian Blur...", "sigma=1");
run("Split Channels");
id = getImagelID();
selectImage(id + 0);
run("Duplicate..."”, "duplicate");
tissueThreshPerc = 95;
nBins = 255;
getHistogram(values, count, nBins);
cumSum = getWidth() * getHeight();
tissueValue = cumSum * tissueThreshPerc / 100;
cumSumValues = count;
for (i = 1; i < count.length; i++) {
cumSumValues[i] += cumSumValues[i - 1];
}
for (i = 1; i < cumSumValues.length; i++)
if (cumSumValues[i - 1] <= tissueValue && tissueValue <= cumSumValues[i]) {
setThreshold(i, 255);
setOption(“BlackBackground", false);
run("Convert to Mask");
¥
run("Median...", "radius=2");
saveAs("tiff", origen + "Masks\\" + nombre + "_0");
run("Analyze Particles...", "size=0.01-Infinity summarize");
run("Create Selection");
run("Copy");
close();
selectImage(id + 0);
run("Restore Selection");
run("Set Measurements..."
run("Measure");
close();
selectImage(id + 2);
run("Duplicate..."”, "duplicate");
tissueThreshPerc = 95;
nBins = 255;
getHistogram(values, count, nBins);
cumSum = getWidth() * getHeight();
tissueValue = cumSum * tissueThreshPerc / 100;
cumSumValues = count;
for (k = 1; k < count.length; k++) {
cumSumValues[k] += cumSumValues[k - 17;

, "area mean integrated area_fraction display redirect=None decimal=3");

¥
for (k = 1; k < cumSumValues.length; k++)

if (cumSumValues[k - 1] <= tissueValue && tissueValue <= cumSumValues[k]) {
setThreshold(k, 255);
setOption("BlackBackground", false);
run("Convert to Mask");
)
run(“Median...", "radius=2");
saveAs("tiff", origen + "Masks\\" + nombre + "_2");
run("Analyze Particles...", "size=0.01-Infinity summarize");
run("Create Selection");
run("Copy");
close();
selectImage(id + 2);
run("Restore Selection");
run("Set Measurements..."
run("Measure");
close();

, "area mean integrated area_fraction display redirect=None decimal=3");
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12.5. Exemplary macro for color threshold analysis with ImageJ

run("Set Measurements...", "area integrated area_fraction display redirect=None decimal=3");

imgName=getTitle();
run("Duplicate...", "title=1.tif");

run("Color Threshold...");

min=newArray(3);
max=newArray(3);
filter=newArray(3);
a=getTitle();

run("HSB Stack");
run("Convert Stack to Images");
selectWindow("Hue");
rename("0");
selectWindow("Saturation™);
rename("1");
selectWindow("Brightness");
rename("2");

min[0]=30;

max[0]=240;
filter[@]="pass";
min[1]=130;

max[1]=255;
filter[1]="pass";

min[2]=0;

max[2]=255;
filter[2]="pass";

for (i=0;i<3;i++){
selectWindow(""+i);
setThreshold(min[i], max[i]);
run("Convert to Mask");
if (filter[i]=="stop") run("Invert");

imageCalculator("AND create", "0","1");
imageCalculator("AND create", "Result of @","2");
for (i=0;i<3;i++){

selectWindow(""+i);

close();

selectWindow("Result of 0");

close();

selectWindow("Result of Result of ©0");
rename(a);

run("Create Selection");
selectWindow(imgName);
run("Restore Selection");

run("Measure");
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