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Introduction

1. Introduction

1.1. Genomic damage and hormones

Genotoxicity

DNA damage in germline cells leads to permanent hereditary mutations, while in somatic
cells it can lead to malignant transformations and carcinogenesis [1]. The
chemicals/agents that induce this kind of damage are genetic toxicants or genotoxins.
There are different types of DNA or genomic damage that can be induced, such as
breakage of DNA (single or double stranded), DNA adduct formation, DNA oxidation,
cross-links and replicative errors [2]. Several techniques for the in vitro and in vivo
evaluation of genomic damage induction are available. In this study, we focus
predominantly on the induction of micronuclei (MN), which are extra-nuclear structures
that contain chromosome fragments and/or whole chromosomes surrounded by a
nuclear membrane [3]. These extra-nuclear fragments are remnants that did not
segregate into the daughter nuclei after cell division. MN can be induced by defects in the

cell repair machinery and accumulation of DNA damage and chromosomal aberrations.
Endogenous hormones - insulin and adrenaline

Endogenous hormones, produced within the body (e.g., insulin, adrenaline, thyroxine,
estrogen, etc.) are desirable in routine cellular metabolic functions and signaling cascades
[4]. However, when there is animbalance in the production and usage of these hormones,
they lead to conditions such as high blood sugar, hyperinsulinemia, high blood pressure,
growth and developmental defects, cancer progression and so on [5]. Previous studies in
in vitro and in vivo models have shown that insulin and adrenaline mediated DNA damage
takes place through the overproduction of reactive oxygen species, causing oxidative DNA
damage [6, 7]. Some pathologies related to high insulin levels are hyperinsulinemia,
(early) type-2 diabetes mellitus (T2DM), and obesity [8], while hypoglycaemia,
haemorrhagic hypotension, and high stress associated cancer progression are associated

to high adrenaline levels [9].
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Insulin signalling

Insulin signalling influences the overall growth and development in the body, by
regulating the molecular pathways involved in protein synthesis, lipid and glucose storage,
glycogen synthesis and at the same time preventing ketogenesis and gluconeogenesis.
Insulin signalling starts with the binding of insulin molecules to the membrane bound
insulin receptor (IR). Then, the insulin receptor substrate (IRS) is phosphorylated which
acts on the downstream effector and adaptor proteins, as shown in figure 1 [10]. IRS
activates the PI3K and the AKT proteins, which plays a central role in the regulation of
glucose transport, protein and lipid synthesis and mitogenic responses. The insulin
signalling pathway is especially responsible for pro-proliferative/ anti-apoptotic effects in
a variety of cell types. [11] Insulin signalling dysfunction leads to insulin resistance,
defective glucose homeostasis and other pathologies which are accompanied by oxidative

stress, mitochondrial dysfunction, genomic instability, and inflammation.

Adrenaline signalling

Adrenaline and noradrenaline are catecholamine hormones that are essential for the
body’s fight or flight response though vasoconstriction, regulation of blood pressure and
stimulation of cardiac function. These catecholamine hormones act through
transmembrane G protein coupled receptors called the adrenergic receptors: a and B-
adrenergic receptors. [12] There are 2 subtypes of the a-adrenergic receptor (al and a2)
and 3 subtypes of the B-adrenergic receptor (B1, B2 and B3) based on their structure and
signalling mechanisms [9]. Indeed, epidemiological studies have shown an association of
B2AR genetic polymorphism with obesity, diabetes, and hyperlipidemia [13]. Similarly, the
work by [14] has shown that adrenergic stress causes ROS accumulation via the activation
of the B2AR receptor signalling leading to DNA damage induction in embryonic stem cells.
The B2AR is widely expressed in several tissues including the vasculature, liver, skeletal
muscle, adipocytes and cardiac muscle, and therefore participates in cardiac function and
body metabolism. The signalling starts with the binding of ligands to the transmembrane
B-adrenergic receptor, causing conformational changes, which then binds to a specific G
protein, that activates the cyclic adenosine monophosphate (cAMP)-PKA mediated

intracellular signalling. [15]
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Figure 1. Insulin and adrenaline signaling pathways and their mechanistic crosstalk.

Own creation based on the figures described in [15, 16]
Insulin resistance, Obesity and Type-2 diabetes mellitus

Insulin resistance is characterized by the lack of suppression of glucose production and
the failure of glucose uptake, metabolism and storage. In the case of T2DM and obesity,
insulin resistance presents defective glucose transport to the adipocytes and skeletal
muscles and impaired hepatic glucose release. [17] The conditions associated with these
are hyperinsulinemia, hyperglycaemia and dyslipidemia. In case of obesity, dyslipidemia
leads to higher ROS formation and lower antioxidant enzymes causing oxidative stress and
genomic instability [18]. Mitochondrial dysfunction and impaired fatty acid beta-oxidation
can be a direct mechanism by which excessive lipid supply leads to oxidative stress in
metabolic syndrome and T2DM [19]. Overall glucose and lipid metabolism are related to
the mitochondria through the Citric acid/Krebs cycle and the oxidative phosphorylation
pathways, thus leading to energy production and their dysfunction becomes crucial for

disease development [20].




Introduction

Analysis of toxicity of mixtures

The analysis of toxicity of mixtures is necessary to understand the effects of individual
substances and the effects of their combinations. Theoretically, at effect saturating
substance levels, the system producing the effect is working at its upper maximal limit
and if more of the same substance or another substance, which uses the same effect
producing system is added, the cellular response cannot increase further. Therefore,
combination of two substances using concentrations at which their dose response levels
are saturated may provide information whether they both use the same cellular effect
producing system. If they do, the effect of the combination should be equal to that of each
of the substances, and if they are additive, they exert their effects by a different mode of

action. [21-23]

Based on the type of effect produced we can classify three outcomes: additive effect, non-
additive effect and an inhibitory effect. (e.g., figure 2). When there is an additive effect
from combining the saturated concentrations of two compounds it indicates the different
modes of action for the individual components of the mixture. A non-additive effect from
combining the saturated concentrations of two compounds implies the exhaustion of the
capacity of the effect producing system, thus causing no further increase in effect beyond
the effect produced by the saturated concentration. Inhibitory effect shows a
downregulation of the response from the mixture, where one compound blocks the action
of the other. [24] Therefore, it was one of the aims of this work, in which we tested the
combination effect of insulin and adrenaline in vitro, at the saturation concentration taken

from each of the compounds’ in vitro dose response curves for micronucleus induction.
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Figure 2. Schematic diagram of the analysis of the toxicity of mixtures.

Own creation, based on the figures from [21]

Mechanistic overlap of insulin and adrenaline signalling

Insulin and adrenaline are essential hormones with heterologous signalling pathways
activating different cellular functions. The action of insulin in skeletal muscles requires the
protein AKT/PKB while the adrenaline action requires cAMP and PKA [25]. Adrenaline
influences the PKB activation by itself and enhances the insulin mediated activation of the
PKB [26]. Similarly, the IR and B2AR interact with each other, form complexes, and
regulate the insulin and catecholamine-signalling pathways [27]. This is however
dependent on the cell type, its physiological function and the type of adrenergic receptor
expressed. For example, in human leukemia HL60 cells, the B2AR is involved in adrenaline
signalling via G-protein coupled receptors, cAMP and PKA signalling [28]. Thus, for insulin
and adrenaline, PKB/AKT is a common signalling step. This is further supported by the fact
that the overstimulation of the BAR’s leads to impaired glucose uptake and insulin

resistance in skeletal, adipocyte and heart tissues. [12]

Oxidative stress and reactive oxygen species (ROS)

Oxidative stress and DNA oxidative damage are pathological conditions that arise due to
increased levels of reactive oxygen species (ROS) and reactive nitrogen species (RNS). The
mitochondria and the enzyme NAPDH oxidase (NOX) are the two major and well-studied
sources of cellular ROS formation. [29] ROS are also required at low concentrations as

cellular signalling molecules, but if dysregulated and present at high concentrations, they
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lead to irreversible changes to macromolecules contributing to aging, cancer and cell

death [30].
Mitochondria

The mitochondria are the power houses of the cell and are essential in ATP production
through oxidative phosphorylation, Ca?* regulation, ROS production and scavenging
actions. Under normal conditions, they produce only minimal amounts of ROS necessary
for the signalling functions, due to their strong antioxidant enzyme equipment. [29] The
electrons fed by the tricarboxylic acid (TCA) cycle are transferred across the inner
mitochondrial membrane by the mitochondrial electron transport chain (ETC). The ETC
transfers electrons across the 5 complexes (I-V) of the mitochondrial inner membrane.
The complexes |, Il and IV pump protons from the mitochondrial matrix to the
mitochondrial intermembrane space, leading to the formation of an electrochemical
gradient across the membrane yielding the membrane potential which generates ATP
from ADP at the mitochondrial complex V. [31] However, under certain pathologies an
overproduction of ROS and escape from radical scavenging systems can lead to ROS
leakage into the cytoplasm. Damage and dysfunction of the mitochondria causes the
depolarization of the mitochondrial membrane and leakage of ROS, which leads to
activation of proapoptotic signals (cytochrome c), which in turn activates the caspases and
initiate protein degradation and cell death response. [32] Mitochondrial ROS released into
the cytosol can influence the production of ROS from the NOX complex, through the
redox-sensitive PKC protein [33]. Mitochondrial function is impaired during insulin
resistance, which is associated with the development of metabolic diseases, which are
shown to have a reduction in respiration, mitochondrial number, ATP production and

increased oxidative stress. [31, 34]
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NADPH oxidase (NOX)

NADPH oxidases of the NOX family proteins are the enzymatic sources of cellular ROS, to
be used in hormone synthesis, host defence mechanisms and redox signalling. These are
transmembrane proteins with cytosolic subunits and there are 7 different isoforms of the
NOX enzymes encoded by the human genome: NOX1-5, DUOX 1 and DUOX 2. These
isoforms differ by the type of ROS released, organ specific function, expression level and
their regulation. The physiological functions of NOX are essential for health, but their
excess may lead to pathologies such as fibrotic diseases, neurodegenerative diseases and
cardiovascular conditions [35]. In T2DM, NOX 2 and 4 isoforms are known to play a role in
insulin induced NOX activation and ROS generation [36]. NOX 2/ gp91(phox) (where phox
refers to phagocyte oxidase) is the catalytic membrane subunit of the granulocyte NADPH
oxidase complex involved in host defence mechanisms. The NOX 2 protein complex
catalyses the reduction of oxygen to superoxide anion, generating large quantities of
intracellular ROS. [32] NOX 2 derived ROS contributes to pro-inflammatory cytokine
induction, stress kinase activation and mitochondrial dysfunction leading to metabolic

stress and T2DM [35].
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1.2. Effect of PTEN inhibition on insulin induced genotoxicity.

Tumor suppressor gene — phosphatase and tensin homolog (PTEN)

PTEN is a tumor supressor protein encoded by the PTEN gene, which is important for cell
cycle regulation, cell proliferation, apoptosis, aging, DNA damage response and more. It
is both a nuclear and cytoplasmic protein, and in most differentiated tissues it is found in
the nuclear region. The lipid phosphatase PTEN acts on the PI3K/AKT signaling pathway
by catalyzing the conversion of PIPs to PIP, and leads to the negative feedback regulation
of the mitogenic signaling pathway. [37] Paradoxically, PTEN regulated metabolic
functions can also influence the insulin sensitivity, tumor growth and metabolism. In
humans, PTEN mutations have been identified in several pathologies such as autism,
Cowdens syndrome, hamartomas, diabetes and cancer [38]. The inactivation of PTEN is
seen in many types of cancers (skin, brain, endometrium and prostate) and this is caused
by genomic alterations such as point mutations, deletions and epigenetic modifications

[39].
PTEN in AKT signalling

The AKT protein is a central molecule in cell proliferative signalling. High levels of ROS
causes both, the hyperactivation of AKT signalling and the inhibition of PTEN tumor
suppresor function (figure 3) [40]. All three isoforms of the AKT protein are downregulated
by the PTEN action [41]. Sporadic tumors have also been reported for the presence of
various types of PTEN missense, deletion and protein instability mutations [42]. The
signalling pathway due to the lack of PTEN regulation causes the hyperphosphorylation of
the AKT protein which has been shown to result in endometrial, skin and prostate cancers
[37, 43]. Studies have reported PTEN polymorphisms in insulin resistance and T2DM [44,
45]. PTEN depletion also causes replicative stress and disrupts the mitotic spindle
formation, leading to the formation of lagging chromosomes and the accumulation of
numerical and structural chromosomal aberrations [42]. The PTEN protein regulates
chromosome segregation through the mitotic arrest deficient 2 (MAD2) protein, which is
an essential component of the spindle asembly checkpoint (SAC) protein in mitosis control

and its dysregulation can lead to cancer cell proliferation [46].
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Role of PTEN in cancers

PTEN protein is regulated by sub-cellular processes such as ubiquitilation, nitrosylation,
transcription, translation, phosphorylation and oxidation. The oxidation of the PTEN
protein by ROS causes the inactivation of the lipid phosphatase (tumor supressor) activity.
[47] The PI3K/AKT is essential for NOX activation and the upregulation of PTEN causes
modulations in AKT signalling which reduces the ROS generation in cells [40]. NOX derived
ROS are known to be involved in cancer progression and metastasis. Since high levels of
ROS can regulate PTEN function through direct oxidation, there has been a causal
relationship established between NOX derived ROS and PTEN inhibition in cancers, but
their underlying mechanisms are not well known [48]. The metabolic regulation functions
of PTEN are especially realized when there is a heterozygous deletion of the gene and this
mutation leads to a loss of tumor suppressor functions and has also been shown to cause

tumor development in several tissues in animal models (prostate, ovarian and brain). [39]
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1.3. Effect of proliferative stress on micronucleus induction

Replicative stress

Any event that blocks DNA replication and prevents cells from completing genome
duplication before mitosis is considered as replicative stress [49]. Replicative stress is a
complex phenomenon with severe consequences to the genome integrity, cell survival
and maintenance. The origin of replicative stress may be due to oncogene activation,
nucleotide pool imbalance and a conflict between replication and transcription. [50]
Numerical chromosomal aneuploidy is also a consequence of DNA replicative stress.
Several exogenous and endogenous threats can lead to replicative stress, including DNA
lesions or adducts induced by chemical compounds, UV or ionizing radiation, reactive
oxygen species (ROS), by-products of cellular metabolism, nucleotide pool imbalances or

a shortage of replication factors. [50]
Genomic instability caused by replicative stress

Cells carrying DNA damage in their genomes can undergo mitotic errors leading to the
formation of genomic instability, which could be a consequence of chromosome lagging,
missegregation and breaks [51]. This has been observed in Hela-H2B-GFP cells after
treatment with hydroxyurea, which led to abnormal mitosis (multipolar mitosis,
chromatin bridges and buds) resulting in micronucleated cells which had an early
chromatin condensation and nuclear fragmentation during the mitosis and therefore may
contain entire chromosomes or lagging chromosome fragments [52]. Studies have shown
that a mild replicative stress poses a particular threat to the genome stability, as the
interphase checkpoint proteins may overlook the problem, leading to genomic damage

accumulation [53, 54].
Replicative and oxidative stress

Replicative and oxidative stresses are both well-known endogenous genotoxic assaults,
which cause genomic instability. These two stressors are closely linked, and their
imbalance generates the induction of micronuclei. Oxidative stress can lead to DNA
lesions, which can evoke cancer-promoting mutations. [55] When the oxidative stress

induced DNA lesions are left unrepaired and the cells enter into the next mitosis, it leads

10
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to the induction of replicative stress causing the stalling and collapse of the DNA

replication forks, resulting in the formation of micronuclei and nuclear buds [56, 57].
Mitotic checkpoints

During mitosis, the genetic material must be equally distributed for the genome
maintenance. In the prophase of the cell division, a bipolar spindle is formed. From
prophase to pro-metaphase to metaphase, the microtubules bind to the kinetochores of
the chromosomes. [58] As the cells enter anaphase, the sister chromatids are pulled apart,
leading to equal distribution of genetic material under normal conditions. The checkpoint
proteins involved during mitosis are the spindle assembly checkpoint (SAC) and the
anaphase-promoting complex (APC). The SAC monitors the microtubule-kinetochore
binding during metaphase, and it is activated especially when there is a lagging
chromosome or lack of tension between sister kinetochores to pull them apart during
anaphase. The SAC acts on the mitotic checkpoint complex, thereby initiating mitotic
arrest, cell death pathway and regulates APC function. [56] The APC is a large protein
complex which ubiquitinates the cyclin B protein. The degradation of cyclin B leads to the
downregulation of cdkl, which is the primary protein that maintains the mitotic state.
[59] Checkpoint proficient cell lines undergo apoptotic cell death upon exposure to mitotic
spindle poisons, while the checkpoint defective cells are resistant to checks and
accumulate abnormal chromosomal aberrations. In addition, the checkpoint defective

cells exit mitosis prematurely which may lead to chromosome missegregation. [56]

Several studies have observed the dynamics of mitosis using live cell time-lapse imaging
technique in fluorescence-tagged cells [e.g., Hela with a green fluorescent protein tag on
the histone 2B (Hela-H2B-GFP)]. By using the histone 2B, we can efficiently monitor the
movement, location and condensation rate of the chromosomes along with other mitotic
events. Frequently reported abnormalities in Hela-H2B-GFP include the presence of
lagging chromosomes and multipolar mitotic spindles which are defects arising from

defective checkpoint proteins and mitotic errors. [60, 61]

11
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1.4. Genotoxic outcomes in obese patients with diabetes

Obesity

Obesity is a major risk factor for increased cardiovascular mortality in patients with type
2 diabetes mellitus. A strong positive correlation is found between obesity and ischemic
heart disease, hypertension, and stroke, through its role in the development of insulin
resistance and its associated complications. [62] Obesity is characterized by abnormal and
increased body weight along with dyslipidemia and an increased body mass index (BMI);
higher than 30. Obesity related chronic tissue inflammation triggers the pro-inflammatory
signals and oxidative stress in the body leading to the development of diseases such as

type 2 diabetes mellitus, metabolic syndrome and cancer. [63]
Obesity, insulin resistance and cancer

Obesity has been associated with the increased incidence of tumour development, which
could be due to the metabolic and hormonal alterations. High circulating insulin levels and
insulin resistance are a common characteristic of obese patients. The hyperinsulinemia
itself contributes to the tumour cell growth and development, by increasing the
availability of free insulin-like growth factors (IGF) through the inhibition of IGF binding
proteins, which favours carcinogenesis. Insulin and IGF mediated carcinogenesis may
occur through the AKT signalling pathway. [64] An increased body mass index (BMI)
amongst overweight individuals has been shown to be associated with the increased risk
of oxidative stress induced DNA damage and cardiovascular disease [65]. In general,
impaired DNA repair, reduction of telomere length, inflammation and hormonal effects

are postulated as reasons for the induction of DNA damage in obese patients [66].
Obesity and oxidative DNA damage

Many studies have shown the relationship between pro-inflammatory cytokines and high
BMI values, impaired insulin signalling and insulin resistance. Elevated levels of
intracellular ROS and oxidative stress in adipocytes leads to mitochondrial dysfunction
and subsequent insulin resistance due to attenuated insulin signalling. [67] Oxidative
stress and inflammation occurring during obesity can accumulate DNA damage and

enhance the occurrence of mutations along with inhibiting the DNA repair mechanisms

12
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[68]. During early stages of obesity, increased intake of glucose and fatty acids activate
the NOX4 enzyme mediated ROS production in the adipocytes. Chronic inflammation
signals the intracellular cytokines to active the NOX2 mediated ROS production in the
immune cells. [68] T2DM patients have an elevated oxidative DNA damage, measured by
8-ox0-7,8-dihydro-2'-deoxyguanosine (8-oxodG) as a biomarker of oxidative DNA damage
detected in the urine of patients. [69] Under normal conditions, it is essential that free
radical induced damage as well as mitochondrial and nuclear DNA damage is repaired.
However, when the antioxidant system is overwhelmed in T2DM and obesity, the
increasing levels of insulin leads to increased free radical activity and accumulation of DNA

damage. [70]
Glycated haemoglobin (HbA1lc) and Type-2 diabetes mellitus

Glycated haemoglobin (HbA1lc) is a chronic biomarker of hyperglycaemia associated with
T2DM. Chronic hyperglycemia has been shown to induce oxidative stress, insulin
resistance, chronic inflammation and T2DM. HbA1c reflects the average plasma glucose
levels over the previous 8 to 12 weeks. [71, 72] The cut-off values for HbAlc are < 5.5%
for healthy individuals, 5.6-6.5% for individuals who are in a pre-diabetic state, and >6.5%

for patients suffering from T2DM. [73]
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2. Objective

Hormones are essential components in the body and their imbalance leads to
pathological consequences. T2DM, insulin resistance and obesity are the most
commonly occurring lifestyle diseases in the past decade. Also, an increased

cancer incidence has been strongly associated with obese and T2DM patients.

Therefore, our aim was to study the influence of high insulin levels in accumulating
DNA damage in in vitro models and patients, through the induction of oxidative
stress. The primary goal of this study was to analyze the genotoxicity induced by
the combined action of two endogenous hormones (insulin and adrenaline) with
in vitro models, through the induction of micronuclei and to see if they cause an
additive increase in genomic damage. This is important for multifactorial diseases
having high levels of more than one hormone, such as metabolic syndrome and

conditions with multiple pathologies (e.g., T2DM along with high stress levels).

Furthermore, the combination of insulin and the pharmacological inhibition of the
tumor suppressor gene: PTEN, was to be tested in in vitro models for their
genotoxic effect and oxidative stress inducing potential. As the tumor suppressor
gene: PTEN is downregulated in PTEN associated syndromes and when presented
along with T2DM and insulin resistance, this may increase the potential to

accumulate genomic damage.

The consequences of insulin action were to be further elucidated by following GFP-
expressing cells in live cell-imaging to observe the ability of insulin, to induce
micronuclei and replicative stress. Finally, the detrimental potential of high insulin
levels in obese patients with hyperinsulinemia and pre-diabetes was to be studied
by analyzing markers of oxidative stress and genomic damage. In summary, the
intention of this work was to understand the effects of high insulin levels in in vitro
and in patients to understand its relevance for the development of genomic

instability and thus an elevated cancer risk.
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3. Methods

3.1. Cell culture

HL60 human myeloblastic leukaemia cells were grown suspended in RPMI-1640
medium supplemented with 10% fetal bovine serum, 1% L-glutamine, 0.4%
penicillin/streptomycin under sterile conditions at 37°C and 5% CO.. For experiments,
the cells were plated at a density of 300,000 cells/3mL of growth medium per well on
a 6-well tissue culture plate and treated after 24h. All experiments were performed

up to 50 passages after thawing.

LLC-PK1 pig kidney epithelial cells were grown adhered to cell culture flasks in low
glucose (1g/L) DMEM medium supplemented with 10% fetal bovine serum, 1% L-
glutamine, 0.4% penicillin/streptomycin, 2.5% hepes buffer under sterile conditions at
37°Cand 5% CO.. For the experiments, the cells were plated one-day prior at a density
of 300,000 cells/3mL growth medium per well on a 6-well tissue culture plate and
treated after 24h. The cells were then washed in warm phosphate buffered saline
(PBS), harvested by trypsin/EDTA treatment for 8-10min at 37°C and then
resuspended in fresh medium. All experiments were performed up to 15-20 passages

after thawing.

NRK primary rat kidney epithelial cells were grown adhered to culture flask in high
glucose (4.5g/L) DMEM medium supplemented with 10% fetal bovine serum, 1% L-
glutamine, 0.4% penicillin/streptomycin, 2.5% hepes buffer under sterile conditions at
37°C and 5% COa.. For experiments, cells were plated one day prior at a density of
300,000 cells/3mL growth medium per well on a 6-well tissue culture plate and treated
after 24h. The cells were then washed in warm PBS, harvested by trypsin/EDTA
treatment for 5-7min at 37°C and resuspended in fresh medium. All experiments were

performed up to 15-20 passages after thawing.

Hela-H2B-GFP human immortalized epithelial cells, derived from the cervical
adenocarcinoma of a female patient was obtained from Noriaki Shimizu, Graduate

School of Integrated Sciences for Life, Hiroshima University, Japan by the working
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group of Dr. Hintzsche. These cells were stably transfected with the green
fluorescence protein (GFP) at the histone2B position. The cells were grown as a
monolayer in DMEM high glucose (4.5g/L) medium without phenol red, supplemented
with 10% (v/v) fetal bovine serum, 1% (w/v) L-glutamine, 1% (w/v) 10,000 units/mL of
penicillin/10mg/mL streptomycin; 1% hepes buffer, 1% sodium pyruvate and under
sterile conditions at 37°C and 5% CO,. The cells divided at a cell cycle duration of 18-
20h. For cell proliferation experiments, the cells were plated at a density of 250,000
cells/2mL growth medium per well, on a 12-well tissue culture plate and treated after

24h.

3.2. Cytokinesis block micronucleus assay

The cells seeded for experiments were treated for 4h with hormones at
concentrations taken from the saturation level of previously established dose-
response curves, individually and in their combinations. In case of the treatment with
inhibitors (MK-2206, N-acetyl cysteine, rotenone, VAS2870) or receptor blockers
(HNMPA (AM3) and propranolol), these substances were added 30min prior to the
hormone treatment, unless mentioned otherwise. At the end of the 4h treatment, the
culture medium was discarded and 3mL of fresh medium with 3 pg/mL of cytochalasin
B was added for another 24h to yield binucleated (BN) cells. The cells were sampled
at a time equivalent of about 1.4 cell cycle durations after the beginning of the
treatment, spread onto microscopic slides by CytoSpin centrifugation (30,000
cells/slide at 1000 rpm for 5min) and fixed in methanol at -20°C for at least two hours.
The slides were air-dried, stained with gel green (diluted to 1:100 in double-distilled
water) and mounted with the mounting medium DABCO (1, 4- diazabicyclo [2.2.2]
octane). For each test, two replicate slides were scored using a fluorescence
microscope with fluorescein isothiocyanate (FITC) filter at 40x magnification. For each
slide, 1000 binucleated cells were scored for micronuclei, along with the number of
mononucleated, binucleated, multinucleated, mitotic and apoptotic cells. The
cytokinesis block proliferation index (CBPI) was assessed as a criterion for determining

the cytotoxicity (cytostatic effect) using the given formula. [19]

16



Methods

number of (1 * mono + 2* bi + 3 x multi) nucleated cells

BPI =
¢ total number of (mono + bi + multi) nucleated cells

3.3. Western blotting

The treated cells were washed twice in ice cold PBS and the pellet was aspirated 8-10
times with 1mL syringe in 80ul of radio-immune precipitation assay (RIPA) buffer
supplemented with sodium fluoride (ImM), sodium orthovanadate (1ImM) and
protease inhibitor cocktail (10uL/mL). The amount of protein was estimated by
Bradford’s method spectrophotometrically and 30ug of protein was heat denatured
and separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE). The proteins were then transferred to Immobilon® polyvinylidene fluoride
(PVDF) blotting membrane, blocked overnight in 5% non-fat dry milk powder dissolved
in tris buffered saline containing 0.05% tween 20 (TBS-T). The membranes were
probed with the primary antigen (anti-p-AKT 1:2000, anti-pan-AKT 1:1000, anti HO-1
1:100, anti HSP70 1:500, anti-G-beta 1:5000 and anti-beta actin 1:5000), followed by
the secondary detection antibody linked to horse radish peroxidase (anti-
immunoglobulin G -IgG HRP linked 1:5000) and developed enzymatically using clarity
western ECL (enhanced chemiluminescence) substrate to observe the
chemiluminescence. The protein bands were quantified using Image J analysis

software. Beta actin was used as the protein loading control.

3.4. Ferric reducing/antioxidant power (FRAP) Assay

The FRAP assay was used to measure the reductive antioxidant capacity of a substance
based on the following principle: at low pH, the ferric (Fe ) -2,4,6-tripyridyl-s-triazine
(TPTZ) complex was reduced to the ferrous (Fe Il) form, developing a blue colour,
which was indicative of the antioxidant capacity of the substance. This blue colour
development had a maximum absorption at 593nm using UV-vis spectrum. Different
concentrations of ferrous sulphate solution were used as calibration standards and

the colour development acted as an indicator of reducing/antioxidant capacity as
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described by [74]. As a positive control, the synthetic substance tempol with

characteristics like the naturally occurring superoxide dismutase was used.

3.5. Reverse transcription polymerase chain reaction (RT-PCR)

The gene expression analysis was performed by the RT-PCR method. RNA was isolated
from cultivated HL60 cells using RNeasy Mini Kit (Qiagen) and quantified using
NanoDrop. From that, 3ug of RNA was used to synthesize the cDNA using RevertAid
First Strand cDNA Synthesis Kit (Thermo Scientific). The PCR was performed in a
thermocycler, using REDTaq ReadyMix reaction mixture (Sigma-Aldrich) with the gene
specific primers as listed below in table 1 and the amplicons visualized on agarose gel

electrophoresis.

PCR Annealing
Gene PCR Primer product | temperature
size (bp) (°C)
R Forward 5" AGA CGT CCC GTC AAATAT TGC 3’ 340 58.5
Reverse 5" ACT CGT TGA CCG TCT TCACC 3’ ]
Forward 5" ACC AAC TAC TTC ATCACT TCAC 3’
B2AR - - 281 51
Reverse 5" GAC ACA ATC CAC ACCATC AG 3
F “ATC CTG CTT CCT GTG TGT ’
NOX 1 orward 5, C CTG CTT CCT GTG TG CG3, 293 56
Reverse 5 GTC GTG TTT CGG GAC TGG AT 3
NOX 2 Forward 5" TGG GCC GTC CAT ACAAAG TC 3’ 506 56
Reverse 5 TTT ACACTG ACATCC GCC CC ¥’
Forward 5" ACC CCA TCG CTA CTAAAAATAC 3’
NOX 4 - - 248 50
Reverse 5" GCC GAC TAC TAAACAAAATCAC3
) Forward 5 CTCTTC CAG CCTTCCTTCCT 3’
Beta actin - - 116 55
Reverse 5" AGC ACT GTG TTG GCG TAC AG 3

Table 1. List of primer sequences, annealing temperatures, and amplicon size used in RT-PCR

for gene expression.

3.6. Mitochondrial membrane potential

To evaluate the change in the mitochondrial membrane potential, the cell-permeable
fluorogenic probe tetra methyl rhodamine ethyl ester (TMRE) was used. TMRE is a
positively charged molecule, which binds to the negatively charged healthy

mitochondrial membrane. When there is a damage to the mitochondria, there is a
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blockage of the electron transfer function that causes a depolarization of the
membrane leading to a net positive charge, therefore TMRE dye does not bind to the
membrane. [75] For the experiment, 3x10° cells were seeded on 24mm cover slips in
a 6-well plate with 3mL medium and left overnight. After adhering, the cells were
treated first with the PTEN inhibitor VO-Ohpic for 15min and then treated for another
15min with insulin. TMRE (10nM final concentration in the culture) was added to the
cells and incubated in the dark at 37°C for 30min. After washing the cells thrice with
cold PBS, the cover slips were inverted onto the microscopic slides and observed
under an Eclipse 55i microscope (Nikon GmbH, Duesseldorf, Germany) and a Fluoro
Pro MP 5000 camera (Intas Science Imaging Instruments GmbH, Goettingen,
Germany) at a 200-fold magnification with TRITC filter. All the images of the TMRE
staining were taken using the same exposure time. Quantification was done by
measuring grey values of 200 cells per treatment with Imagel software 1.40g

(http://rsb.info.nih.gov/ij/).

3.7. Oxidative stress microscopic quantification

To evaluate the formation of ROS, the cell-permeable fluorogenic probe
dihydroethidium (DHE) was used. The DHE dye is specific for the detection of the
superoxide radicals, through which they are oxidised to form the intermediate product
(2-dihydroxyethidium), which emits fluorescence at Ex/Em: 500-530/590-620nm. [76]
For the experiment, 3x10° cells were seeded on 24mm cover slips in a 6-well plate
with 3mL medium and left overnight. After adhering, the cells were first treated with
the PTEN-inhibitor VO-Ohpic for 15min and then treated for another 15min with
insulin. The DHE dye (10uM final concentration) was added to the cells and incubated
in the dark at 37°C for 30min. After washing the cells thrice with PBS, the cover slips
were inverted onto a microscopic slide and observed under an Eclipse 55i microscope
(Nikon GmbH, Duesseldorf, Germany) and a Fluoro Pro MP 5000 camera (Intas Science
Imaging Instruments GmbH, Goettingen, Germany) at 200-fold magnification using
TRITC filter. All the images of the DHE staining within one experiment were taken using
the same exposure time. Quantification was done by measuring grey values of 200

cells per treatment with ImageJ software 1.40g (http://rsb.info.nih.gov/ij/).
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3.8. Animal model and treatment

Dr. Ezgi Eylul Bankoglu, obtained the organ samples from mice with whole-body
targeted deletion of PTEN from the lab of Pier P. Pandolfi (Beth Israel Deaconess
Medical Center, Harvard Medical School, Boston, MA) [77]. In the mice model, the
wildtype control and the haplodeficient PTEN knockout (Ko) mice were fed either with
a standard diet (Kliba 3336, 5.5% fat content) or a high fat diet (Kliba 2126, 23.6% fat
content) for a duration of 20 weeks. The animals were sacrificed after 32 weeks and
the tissue samples were collected and snap frozen, which we received for further
analysis from our collaborators. The tissues were stored at -80°C until they were used.
The animal experiments were performed in accordance with Swiss Federal Animal
Regulation and approved by the Veterinary Office of Zurich, Switzerland (No: 35/2009
and 222/2012). [77, 78] In the present work, kidney tissues were homogenised with
the protease inhibitor cocktail and the extracted protein content was estimated by
using Bradford’s method. All further steps of western blotting were performed similar
to the description in paragraph 3.3 of the methods section. Here G-Beta was used as

a protein loading control.

3.9. Live-cell microscopy

For the live imaging of MN induction, the Hela-H2B-GFP cells were plated at a low
density of 15,000 cells/2mL medium in a 12-well glass bottomed black-coated plate
(Cellvis P12-1.5-N). After the treatment of the cells with the test substance, the
medium was changed, and the cells were placed in the plate chamber of a Nikon Ti-S
fluorescence microscope equipped with a motorized table and an incubation envelope
(Okolab) to maintain the temperature, CO, and humidity for optimal growth
conditions. The system was controlled by the software NIS-Elements Advanced
Research version 5.10.01 (Nikon). The positions of the chosen micronucleated cells
were saved using the software. Images were taken every 10min for 24h, covering the
time taken for at least one cell cycle (18-20h). A 40x0.75 numerical aperture (NA)
objective (Nikon) and an Andor Luca S (Andor Technology) camera with neutral density

filter (ND) 32 and an exposure time of 90ms were used without binning. The
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experiment was repeated three times and in total, 1000 cells were screened, and the
occurrence of MN, mitosis and apoptosis were recorded. The cell death (apoptosis)
was recorded based on the increase in signal intensity and subsequent fragmentation
of the nucleus. The duration of mitosis was recorded from the start of the prophase
until telophase, with images taken at every 2 minutes for 100 cells with an exposure
time of 200ms and ND 4. For the evaluation of the different stages of mitosis, we used
the following criteria as represented in image 1. From the sequence shown in image
1, A-C represents the interphase cells, D-E represents the prophase where the
condensed chromatids start to appear clearly, F represents the pro-metaphase where
the condensed chromatids start to align together near an equatorial plane, G
represents the metaphase alignment of the chromosomes, H-J represents the
anaphase movement of the chromosomes towards opposite ends and K-L represents
the telophase where the chromosomes move farthest from each other and
chromosome decondensation is observed as the individual chromatids are no longer
visible. All cells, which blurred or moved away from focus, were excluded from the

data analysis. [79]
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Image 1. Live cell time lapse imaging of mitosis in Hela -H2B-GFP cells

The representative images show representative pictures of the different stages of mitosis
snapped at 2 min intervals for 24h, A-C interphase, D-E prophase, F pro-metaphase, G-

metaphase, H-J anaphase and K-L show telophase.
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3.10. Scratch wound healing assay with live cell microscopy

For the scratch wound-healing assay, the Hela-H2B-GFP cells were plated at a high
density of 250,000 cells/2mL medium in a 12-well glass bottomed black-coated plate
(Cellvis P12-1.5-N). After 24h, a straight longitudinal scratch was introduced using a
10uL pipette tip and the sides of the scratch were marked with a glass marker at the
bottom of the plate. The medium containing the floating cells and debris from the
scratch was discarded and the well was washed once with fresh medium and then
refilled with 2mL of fresh medium. The cells were treated with the test substance and
placed in the plate chamber of a Nikon Ti—S fluorescence microscope with favourable
growth conditions as mentioned in section 4.11. Images were taken at every 30min
intervals for 10 points along the length of the scratch with an exposure time of 200ms
and ND 4, for 24h. The change in scratch area and width was quantified using Image)
Software 1.40g (http://rsb.info.nih.gov/ij/). After the live imaging, the medium was
discarded, the well was washed twice with PBS and the cells were fixed in the wells
with ice-cold methanol at -20°C for atleast 2h. Then, the fixed cell monolayer was
stained with gel green and scored for MN, apoptosis and mitosis in 1000 mononuclear

cells along the length of the scratch using a fluorescence microscope. [80]

3.11. Human study

The blood samples were collected by the Department of Surgery and Endocrinology,
University Hospital of Wuerzburg. Blood samples were collected into commercially
available EDTA tubes from obese patients before undergoing bariatric surgery. The
peripheral blood mononuclear cells (PBMCs) were isolated by using histopaque
density gradient centrifugation and then cryopreserved by diluting 1x10% PBMCs/mL
of freezing medium (RPMI 1640 medium containing 1% FBS, 1% L-glutamine, 10%
DMSO). Aliquots were frozen overnight in a cryobox with isopropanol at -80 °C and
transferred to regular storage containers after 2 days and stored at —80 °C until further
use. The cryopreserved samples from 27 obese patients and 10 healthy controls were
assessed for DNA damage and plasma oxidation products. The Ethics Committee of

the University of Wuerzburg approved this study (Study No: 186/14) and for the
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control subjects (Study No: 279/18). The PBMC’s were subjected to comet assay with
a 12-gel system and the images were evaluated using the Komet 5 software. (Dr. Ezgi
Eyluel Bankoglu, Ms. Johanna Gerber and Ms. Franziska Stipp performed the
processing of blood samples and the preparation of the samples for comet assay
analysis. The DNA damage analysis in the comet assay and analysis of the plasma
advanced oxidation protein products was performed by the author for the present

thesis).

3.12. Advanced oxidation protein products (AOPP)

The protein content of the plasma samples was estimated spectrophotometrically by
Bradford’s method. Then the plasma was diluted at 1:10 dilution in PBS and 200uL was
added in triplicates to a 96-well microplate. The assay standard was chloramine-T,
which was added at 200uL/well in triplicates from 0-100uM concentration. All the
substances were pipetted on ice. Finally, potassium iodide (Kl 1.16M, 10uL) was added
to all the wells and after 2min, 20uL of glacial acetic acid was added to initiate the
reaction. The optical density was immediately measured at 340nm using a
spectrophotometer. Chloramine-T equivalents of plasma AOPP were calculated by

plotting the standard curve of the absorbance values. [81]

3.13. Statistics

All experiments were carried out as atleast three independent experiments and the
data was presented as mean * standard error. Graphical visualization and arithmetic
calculations were performed using MS-Excel 2016. The results of western blotting
were graphically shown as relative to the mean of the negative control values set to
1.0 and the experimental values were calculated as the fold increase over the control.
The data distribution was tested for frequency distribution and statistical significance
was considered when the p-value was < .05 as tested by the T-Test or Kruskal-Wallis
Test using IBM SPSS 25 software. The live cell time-lapse imaging was cumulative of

three experiments with observations of 1000 individual living cells.
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4. Results

4.1. Invitro genotoxicity of insulin in combination with adrenaline

To test the genotoxicity of hormone combinations, insulin and adrenaline were
combined at concentrations in which a maximum induction of MN was observed from
their individual dose response curves, as taken from previously published literature
[23, 82, 83]. Prior permission had been obtained from the journal Toxicology In Vitro
for the work published by the author of this thesis, to use the contents of the
publication [23] in this dissertation (permission attached in Appendix). The results
showed a significant increase in MN induction in the HL60 cells, after treatment with

insulin (100nM) and adrenaline (10uM) as compared to the solvent control as seen in

Figure 4.
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Figure 4. Micronucleus induction in HL60 cells with 100nM insulin and 10uM adrenaline and

their combination

The HL6O cells were treated for 4h with insulin 100nM and adrenaline 10uM, followed by the
addition of cytochalasin B 3ug/mL for 20-22h and the micronucleus number was counted per

1000 binucleated cells. Cell proliferation (cytokinesis block proliferation index [CBPI] (unfilled
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dots) is shown on the secondary y-axis. * significantly different from control with p<.05. BN =

binucleated, Mn = micronuclei; NC = negative control, Ins = insulin, Adre = adrenaline.

The combined treatment showed a significant increase against the control, but no
additive increase to the effects seen in the individual hormone treatment. We used
MMS (100uM) as a positive control for MN induction, which showed a significant

increase in MN induction both independently and in combination with insulin (Figure

5).
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Figure 5. Micronucleus induction in HL60 cells with 100nM insulin and 100uM MMS and their
combination

The HL60 cells were treated for 4h with insulin 100nM and MMS 100uM, followed by the
addition of cytochalasin B 3ug/mL for 20-22h and the micronucleus number was counted per
1000 binucleated cells. Cell proliferation (cytokinesis block proliferation index [CBPI] (unfilled
dots) is shown on the secondary y-axis. * significantly different from control, # significantly
different from insulin with p<.05. BN = binucleated, Mn = micronuclei; NC = negative control,

Ins = insulin, MMS = methyl methane sulfonate.

We further investigated the mechanistic role of the hormone action in the insulin-
signalling pathway by testing AKT phosphorylation in the HL60 cells. There was a
significant increase in AKT phosphorylation after the insulin treatment and no increase
in AKT phosphorylation after the adrenaline treatment as compared to the untreated

control (Figure 6). Similarly, we tested MMS and it caused no increase in AKT
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phosphorylation as compared to control, whereas its combination with insulin showed

a significant increase in AKT phosphorylation as compared to the control. (Figure 7).
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Figure 6. AKT phosphorylation in HL60 cells with 100nM insulin and10uM adrenaline and their

combination detected by western blotting

HL60 cells were treated for 4h with insulin 100nM and adrenaline 10uM, followed by protein
isolation and western blotting with anti-phospho-AKT (60KDa), anti-pan AKT (60KDa) and beta
actin (45KDa) antibodies. * significantly different from control, with p<.05. NC = negative

control, Ins = insulin, Adre = adrenaline.
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Figure 7. AKT phosphorylation in HL60 cells by western blotting with insulin 100nM and MMS
100uM and their combination

HL60 cells were treated for 4h with insulin 100nM and MMS 100uM, followed by protein
isolation and western blotting with anti-phospho-AKT (60KDa), anti-pan AKT (60KDa) and beta
actin (45KDa) antibodies. * significantly different from control, with p<.05. NC = negative

control, Ins = insulin, MMS = methyl methane sulfonate.

We tested the role of AKT phosphorylation and activation in MN induction by treating
the cells with an inhibitor of AKT phosphorylation (MK-2206) (10nM) and saw a
significant decrease in the MN number with the insulin treated HL60 cells (Figure 8).
We verified this by western blot, where the AKT inhibitor decreased the

phosphorylation of AKT when combined with insulin (Figure 9).
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Figure 8. Micronucleus induction in HL60 cells with insulin 100nM and MK-2206 10nM and

their combination

The HL6O cells were treated for 4h with insulin 100nM and with MK-2206 10nM, an inhibitor
of AKT phosphorylation, followed by the addition of cytochalasin B 3ug/mL for 20-22h and the
micronucleus number was counted per 1000 binucleated cells. Cell proliferation (cytokinesis
block proliferation index [CBPI] (unfilled dots) is shown on the secondary y-axis. * significantly
different from control, # significantly different from insulin with p<.05. BN = binucleated, Mn

= micronuclei; NC = negative control, Ins = insulin, MK-2206 = AKT inhibitor.
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Figure 9. AKT phosphorylation in HL60 cells by western blotting with insulin 100nM and MK-
2206 10nM and their combination
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HL60 cells were treated for 4h with insulin 100nM and MK-2206 AKT inhibitor 10nM, followed
by protein isolation and western blotting with anti-phospho-AKT (60KDa), anti-pan AKT
(60KDa) and beta actin (45KDa) antibodies. ° significantly different from insulin, with p<.05.
NC = negative control, Ins = insulin, MK-2206 = AKT inhibitor.

It has been well known that the binding of growth factors to their respective cell
surface receptors activates the PI3K, which then initiates the signalling events, leading
to the phosphorylation of AKT protein. We confirmed the presence of the cell surface
receptors for both insulin and adrenaline in our HL60 cells, using RT-PCR (Figure 10.).
Then, we used hormone receptor specific inhibitors (insulin and adrenaline receptors
blocked by 10nM HNMPA (AM)3 and 10uM propranolol respectively), to see their
effect on MN induction. In both cases, a significant decrease in MN number was seen
after blocking the corresponding hormone receptors (Figure 11). We performed a
FRAP assay and showed that in this assay, both the hormone receptor blockers,
HNMPA (AM)sz and propranolol, had no antioxidant capacity as compared to the

positive control tempol (50uM) (Figure 12).

29



Results

3000-

2000~
1500~

1200-
1000-
gﬁﬂ

500~ -

IR

B2AR

340bp 281bp

Figure 10. Expression of insulin receptor (IR) (340 basepairs) and 62 adrenergic receptor (62AR)

(281 basepairs); Beta actin (116 basepairs) was used as a loading control, as detected by RT-

PCR in HL6O cells.
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Figure 11. Micronucleus induction in HL60 cells with insulin 100nM, adrenaline 10uM and their

combination with the hormone receptor blockers at HNMPA (AM3) 10nM, propranolol 10uM,

respectively.
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The HL60 cells were treated for 30min with the hormone-specific receptor blockers, HNMPA
(AM3) 10nM and propranolol 10uM, then treated with insulin 100nM and adrenaline 10uM for
4h respectively, followed by the addition of cytochalasin B 3ug/mL for 20-22h and the
micronucleus number was counted per 1000 binucleated cells. Cell proliferation evaluated by
cytokinesis block proliferation index [CBPI] (unfilled dots) is shown on the secondary y-axis. *
significantly different from control, ° significantly different from insulin and # significantly
different from adrenaline with p<.05. BN = binucleated, Mn = micronuclei; NC = negative
control, Ins = insulin, HNMPA = HNMPA (AM;) (insulin receptor blocker), Adre = adrenaline,

Prop = propranolol (adrenaline receptor blocker).
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Figure 12. FRAP assay to test the antioxidant activity of hormone receptor blockers

HNMPA(AM3) 10nM, propranolol 10uM and tempol 50uM as positive control.

* significantly different from control, with p<.05

We checked the role of mitochondria and NOX induced ROS in MN induction by
treating the cells with rotenone (10nM) (a mitochondrial complex | inhibitor) and
VAS2870 (1uM) (a general NOX enzyme assembly blocker). The results showed a
significant decrease in MN induction after applying insulin to rotenone pre-treated
cells, as compared to the control. The combination of adrenaline and rotenone
showed a non-significant decrease in micronuclei (Figure 13). We confirmed the
presence of different NOX isoforms (NOX 1,2 and 4) in our HL60 cells, using RT-PCR
(Figure 14.). The combination of NOX inhibition with VAS2870 and the hormones
showed a significant reduction with insulin and a non-significant reduction with

adrenaline in the number of micronuclei (Figure 15).
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Figure 13. Micronucleus induction in HL60 cells with insulin 100nM, adrenaline 10uM and their

combination with the mitochondrial complex | blocker, rotenone 10nM

The HL60 cells were treated for 30min with the mitochondrial complex | blocker, rotenone
10nM and then treated with insulin 100nM and adrenaline 10uM for 4h respectively, followed
by the addition of cytochalasin B 3ug/mL for 20-22h and the micronucleus number was
counted per 1000 binucleated cells. Cell proliferation evaluated by cytokinesis block
proliferation index [CBPI] (unfilled dots) is shown on the secondary y-axis. * significantly
different from control, ° significantly different from insulin with p<.05. BN = binucleated, Mn =

micronuclei; NC = negative control, Ins = insulin, Adre = adrenaline, Rot = Rotenone.
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Figure 14. Expression of NOX 1 (293 basepairs), NOX 2 (526 basepairs) and NOX 4 (248

basepairs); Beta actin (116 basepairs) was used as a loading control, as detected by RT-PCR in

HL60 cells.
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Figure 15. Micronucleus induction in HL60 cells with insulin 100nM, adrenaline 10uM and their

combination with the total NOX assembly blocker, VAS2870 1uM

The HL60 cells were treated for 30min with the total NOX assembly blocker, VAS2870 1uM and

then treated with insulin 100nM and adrenaline 10uM for 4h respectively, followed by the
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addition of cytochalasin B 3ug/mL for 20-22h and the micronucleus number was counted per
1000 binucleated cells. Cell proliferation evaluated by cytokinesis block proliferation index
[CBPI] (unfilled dots) is shown on the secondary y-axis. * significantly different from control, °
significantly different from insulin, # significantly different from insulin and adrenaline with
p<.05. BN = binucleated, Mn = micronuclei; NC = negative control, Ins = insulin, Adre =

adrenaline, VAS = VAS2870.

We then confirmed that the MN induction was due to oxidative stress by treating the
cells with the antioxidant N-acetyl cysteine (5mM) which yielded a significant decrease

in MN number after combining it with insulin and adrenaline (Figure 16).
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Figure 16. Micronucleus induction in HL60 cells with insulin 100nM, adrenaline 10uM and their

combination with an antioxidant N-acetyl cysteine (NAC), NAC 5mM

The HL6O cells were treated for 30min with the antioxidant N-acetyl cysteine (NAC) 5mM and
then treated with insulin 100nM and adrenaline 10uM for 4h respectively, followed by the
addition of cytochalasin B 3ug/mL for 20-22h and the micronucleus number was counted per
1000 binucleated cells. Cell proliferation evaluated by cytokinesis block proliferation index
[CBPI] (unfilled dots) is shown on the secondary y-axis. * significantly different from control, °
significantly different from insulin, & significantly different from adrenaline, # significantly
different from insulin and adrenaline with p<.05. BN = binucleated, Mn = micronuclei; NC =

negative control, Ins = insulin, Adre = adrenaline, NAC = N-acetyl cysteine.
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We then further tested the effect of mitochondrial ROS in the MN induction of HL60
cells. The treatment with antimycin A, which was known to cause superoxide-release
from mitochondria, showed a dose dependent decrease in the MN number, with a
significant increase in cytotoxicity shown by the reduction in cytokinesis block

proliferation index (Figure 17).
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Figure 17. Micronucleus induction in HL60 cells with the mitochondrial complex Il blocker

Antimycin A (0-10nM)

The HL60 cells were treated for 4h with a mitochondrial complex Il blocker Antimycin A (0-
10nM), followed by the addition of cytochalasin B 3ug/mL for 20-22h and the micronucleus
number was counted per 1000 binucleated cells. Cell proliferation evaluated by cytokinesis
block proliferation index [CBPI] (unfilled dots) is shown on the secondary y-axis. * significantly

different from control, with p<.05. BN = binucleated, Mn = micronuclei.
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4.2. Effect of PTEN inhibition on insulin induced genotoxicity

Based on our findings regarding the relevance of the AKT-signalling cascade for the
induction of genomic damage by insulin, we next investigated the role of PTEN: a
controlling step of the AKT-signalling cascade in healthy cells. For this purpose, the
kidney tissue from PTEN Ko and control wildtype mice that had received a normal or
a high fat diet was used to perform western blotting. The PTEN expression in this
animal model was tested in our previous study and it showed a 40% reduction in PTEN

expression in the PTEN Ko as compared to the wild type mice. [77]

At first, the expression of heat shock protein 70 (HSP70) was analysed, which showed
a non-significant increase in the PTEN Ko as compared to the wild type mice. There
was a slight increase in the HSP70 expression among the high fat diet group as
compared to that of the normal diet group in the wild type mice, but no such

difference was seen in the PTEN Ko model (Figure 18).
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Figure 18. Expression of Heat shock protein 70 (HSP70) in wildtype and PTEN Ko mice detected

by western blotting
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Kidney tissue of mice groups with wildtype and a haplodeficient single allele knockout of the
PTEN gene, fed with a normal diet or a high fat diet, probed with anti-HSP70 antibodies
through western blotting. The anti-G-beta (G8) was used as the loading control. The n.s.

indicates no significant difference between the different groups.

Similarly, the tissue was probed for the heme oxygenase HO-1 protein and the results
showed a non-significant increase in HO-1 expression in the PTEN Ko group of mice.
By comparing the two types of diets, a slight increase in oxidative stress was observed
in the wild type mice, whereas no such effect was observed among the PTEN Ko

animals (Figure 19).
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Figure 19. Expression of Hemeoxygenase-1 (HO-1) detected by western blotting in wildtype
and PTEN Ko mice

Kidney tissue of mice groups with wildtype and a haplodeficient single allele knockout of the
PTEN gene, fed with a normal diet or a high fat diet, probed with anti-HO-1 antibodies through
western blotting. The anti-G-beta (GB) was used as the loading control. The n.s. indicates no

significant difference between the different groups.
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To further analyse the effect of PTEN inhibition in insulin mediated oxidative stress
and genomic damage, we tested this in vitro in mammalian kidney cell lines (NRK and
LLC PK1). The in vitro MN test was conducted in the NRK cells with the combination of
insulin and the pharmacological PTEN inhibitor VO-Ohpic 50nM (ICso value-50nM). The
results showed a significant increase in MN induction as compared to the control with

insulin and its combination with VO-Ohpic (Figure 20).
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Figure 20. Micronucleus induction in NRK cells with 100nM insulin (Ins) and 50nM VO-Ohpic

and their combination

NRK cells were treated for 30min with the PTEN inhibitor VO-Ohpic 50nM and then for 4h with
insulin 100nM, followed by the addition of cytochalasin B 3ug/mL for 20-22h and the
micronucleus number was counted per 1000 binucleated cells. Cell proliferation (cytokinesis
block proliferation index [CBPI] (unfilled dots) is shown on the secondary y-axis. * significantly

different from control with p<.05. BN = binucleated, Mn = micronuclei, Ins = insulin.

A test for oxidative stress induction using ROS detection was performed by measuring
the DHE fluorescence in NRK cells treated with insulin, VO-Ohpic and their
combination. Antimycin A was used a positive control for ROS induction (Figure 21A).
The results showed a significant increase in ROS induction after insulin treatment,
while VO-Ohpic alone and its combination with insulin did not show an increase in ROS

formation (Figure 21B).
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Figure 21. DHE fluorescence to measure the ROS induction in NRK cells treated with insulin

100nM and VO-Ohpic 10nM and their combination

A. NRK cells treated for 30min with the PTEN inhibitor VO-Ohpic 10nM and then for 30min with
insulin 100nM, along with 10uM DHE dye. Antimycin A 50uM was used as the positive control.
B. The graph shows the DHE fluorescence measured as the mean grey value using the Image J
software. * significantly different from control, # significantly different from insulin with p<.05.
Ins = insulin, AMA = antimycin A.

We then tested the role of mitochondrial dysfunction through the changes in the
mitochondrial membrane potential as the reason for the oxidative stress and ROS

leakage. This was tested by staining NRK cells treated with insulin, VO-Ohpic and their
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combination with TMRE dye to detect the depolarized state of the mitochondrial
membrane (Figure 22A). The results showed a significant reduction in mitochondrial
membrane potential in the insulin treated cells. The VO-Ohpic treatment also showed
significantly lower mitochondrial membrane potential compared to the control,
however it was also significantly higher than after the insulin treatment. The
combination of insulin and VO-Ohpic yielded a significantly lower mitochondrial
membrane potential as compared to the control (Figure 22B). Here we again used

antimycin A as a positive control for mitochondrial toxicity.
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Figure 22. TMRE fluorescence to measure the change in mitochondrial membrane potential in

NRK cells treated with insulin 100nM and VO-Ohpic 10nM and their combination
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A. NRK cells treated for 30min with the PTEN inhibitor VO-Ohpic 10nM and then for 30min with
insulin 100nM, along with 10nM TMRE dye. Antimycin A 50uM was used as positive control.
B. The graph shows the TMRE fluorescence measured as the mean grey value using the Image
J software. * significantly different from control, # significantly different from insulin with

p<.05. Ins = insulin, AMA = antimycin A.

The results from the micronucelus test conducted in LLCPK1 cells showed a significant
increase in MN induction with insulin, as compared to that of the control and the

combination of insulin with the pharmacological PTEN inhibitor VO-Ohpic (Figure 23).
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Figure 23. Micronucleus induction in LLCPK-1 cells with insulin 100nM and VO-Ohpic 50nM and

their combination

LLCPK-1 cells were treated for 30min with the PTEN inhibitor VO-Ohpic 50nM and then for 4h
with insulin 100nM, followed by the addition of cytochalasin B 3ug/mL for 20-22h and the
micronucleus number was counted per 1000 binucleated cells. Cell proliferation (cytokinesis
block proliferation index [CBPI] (unfilled dots) is shown on the secondary y-axis. * significantly

different from control with p<.05. BN = binucleated, Mn = micronuclei; Ins = insulin

A test for the oxidative stress induction using ROS detection was performed by
measuring DHE fluorescence in LLCPK-1 cells treated with insulin, VO-Ohpic and their
combination. Antimycin A was used a positive control for ROS induction (Figure 24A).

The results showed a slight increase in ROS induction after insulin treatment, but VO-
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Ohpic alone and its combination with insulin did not show an increase in ROS

formation (Figure 24B).
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Figure 24. DHE fluorescence to measure the ROS induction in LLCPK-1 cells treated with insulin

100nM and VO-Ohpic 50nM and their combination

A. LLCPK-1 cells treated for 30min with the PTEN inhibitor VO-Ohpic 50nM and then for 30min

with insulin 100nM, along with 10uM DHE dye. Antimycin A 25uM was used as positive control.

B. The graph shows the DHE fluorescence measured as the mean grey value using the Image J
software. * significantly different from control, # significantly different from insulin with p<.05.

Ins = insulin, AMA = antimycin A.
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We then tested the role of mitochondrial dysfunction through the changes in the
mitochondrial membrane potential as the reason for the oxidative stress and ROS
leakage. This was tested by staining the LLCPK-1 cells treated with insulin, VO-Ohpic
and their combination with TMRE dye to detect the depolarized state of the
mitochondria membrane (Figure 25A). The results showed a non-significant reduction
in the mitochondrial membrane potential in the insulin treated cells as compared to
the control. The VO-Ohpic treatment also showed a slightly lower mitochondrial
membrane potential as compared to the control. The combination of insulin and VO-
Ohpic showed a significantly lower mitochondrial membrane potential as compared
to the control (Figure 25B). Here we again used antimycin A as a positive control for

mitochondrial toxicity.
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Figure 25. TMRE fluorescence to measure the change in mitochondrial membrane potential in

LLCPK-1 cells treated with insulin 100nM and VO-Ohpic 2uM and their combination

A. LLCPK-1 cells treated for 30min with the PTEN inhibitor VO-Ohpic 2uM and then for 30min
with insulin 100nM, along with 10nM TMRE dye. Antimycin A 50uM was used as the positive

control.

B. The graph shows the TMRE fluorescence measured as the mean grey value using the Image

J software. * significantly different from control with p<.05. Ins = insulin, AMA = antimycin A.
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4.3. Effect of proliferative stress on micronucleus induction

We further studied the influence of PTEN suppression on MN and oxidative stress
induction as seen in section 4.2, by investigating the effect of insulin on the
proliferation and the genomic damage induction in Hela-H2B-GFP cells. Here, we
combined the treatment of insulin with the pharmacological PTEN inhibitor VO-Ohpic
and checked for their effect on MN induction and proliferation. The CBMN assay
showed a non-significant, slight increase in MN induction and a non-significant
reduction with the combination of insulin and VO-Ohpic as compared to the control

(Figure. 26).
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Figure 26. Micronucleus induction in Hela-H2B-GFP cells with insulin 2uM and VO-Ohpic 2uM

and their combination

Hela-H2B-GFP cells were treated for 30min with the PTEN inhibitor VO-Ohpic 2uM and then
for 4h with insulin 2uM, followed by the addition of cytochalasin B 3ug/mL for 20-22h and the
micronucleus number was counted per 1000 binucleated cells. No statistical significance was

observed. Ins = insulin.

We then used live cell microscopy to observe the induction of micronuclei, apoptosis,
and multipolar mitosis in the Hela-H2B-GFP cells. In Figure 27, it was seen that the
treatment with insulin 2uM and MMS 200uM showed a higher induction of
micronuclei as compared to the untreated control in 1000 live cells. The treatment

with insulin also showed a 3-fold increase in multipolar mitosis as compared to the
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control and the MMS. Then, scoring for the cells going into apoptosis showed that the
insulin treated cells had a lower apoptosis number as compared to that of the control

and the MMS treatment.
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Figure 27. Live cell imaging and scoring micronuclei in Hela-H2B-GFP treated with insulin 2uM

and MMS 200uM as positive control

The graph shows the occurrence of micronuclei, multipolar mitosis and apoptosis counted from
1000 live cells, which were added up from three experimental runs. The images were recorded
at every 10min interval for a duration of 24h using fluorescence microscopy. Ins = insulin, MMS

= methyl methane sulfonate.

Because of the increase in MN induction and the multipolar mitosis, we next measured
the duration of mitosis after the treatment with insulin and MMS. The results showed
that the insulin treated cells had a shorter duration of mitosis as compared to the
control and MMS. The MMS treatment, which is the positive control for micronucleus

induction had the longest duration of mitosis (Figure 28).
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Figure 28. Scoring the period of mitosis in Hela-H2B-GFP treated with insulin 2uM and MMS

200uM as positive control

The graph shows the mean duration of mitosis in minutes after being treated with insulin 2uM
and MMS 200uM occurring among 1000 live cells, which were added up from three
experimental runs. The images were recorded at every 10min interval for a duration of 24h

using fluorescence microscopy. Ins = insulin, MMS = methyl methane sulfonate.

We then evaluated the total number of mitoses occurring per 1000 live cells within
24h of observation. The insulin treated cells showed a 11% higher occurrence of
mitosis and the MMS treated cells showed a 24.8% lower occurrence of mitosis as
compared to the control in the Hela-H2B-GFP cells (Figure 29). The observation of
more than 1000 mitoses indicates the occurrence of more than one cell division within
the 24h duration and the decrease indicates a delay/arrest in cell cycle of the treated

cells.
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Figure 29. The total number of mitosis in Hela-H2B-GFP treated with insulin 2uM and MMS

200uM as positive control

The graph shows the total number of mitosis after being treated with insulin 2uM and MMS
200uM occurring among 1000 live cells, which were added up from three experimental runs.
The images were recorded at every 10min interval for a duration of 24h using fluorescence

microscopy. Ins = insulin, MMS = methyl methane sulfonate.

We calculated the mean for the duration taken by the cells to complete one mitosis
i.e., from the prophase to the end of the telophase when the daughter nuclei had
reached their final distance after division. To identify the mitotic phase which may be
responsible for the faster progression of insulin treated cells, we watched the duration
taken by the cells to proceed through the different stages of the mitosis. This was now
done with a much higher temporal resolution, taking pictures every 2 minutes. The
results showed that, like previously seen, the insulin treated cells had a significantly
lower duration of mitosis as compared to the control, especially the duration from the
beginning of metaphase to the end of anaphase. However, from the beginning of
prophase to metaphase and from anaphase to telophase the insulin treated cells

exhibited a significantly longer duration than the untreated controls (Figure 30).
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Figure 30. Live imaging of the different stages of mitosis after treatment with insulin 2uM and

solvent control

The graph shows the period taken for the total mitosis, from prophase to metaphase,
metaphase to anaphase and from anaphase to telophase for 24h. The images were recorded
at every 2min interval for a duration 24h using fluorescence microscopy. * significantly

different from control with p<.05. Ins = insulin.

Further, we wanted to see whether the accelerated proliferation had any effect on
scratch wound healing using live cell microscopy. Therefore, we treated the Hela-H2B-
GFP cells with insulin and observed its effect in scratch healing by measuring the
change in scratch width and area every 30min over a duration of 24h. The results from
comparing the width of the scratch from the start (time Oh) to after 24h showed an
increased difference in scratch width after insulin treatment (which shows a faster
closure of the wound) as opposed to the effect seen by the control and the PTEN
inhibitor VO-Ohpic. The combination of insulin and VO-Ohpic also showed a further
decrease in the length of the scratch (Figure 31). Similarly, there was an increase in
the difference in the scratch area in the insulin treated cells as compared to VO-Ohpic,

their combination and the control (Figure 32). These results show that the insulin
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treated cells undergo a faster wound closure after 24h as compared to the untreated

control and the treatment with VO-Ohpic.
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Figure 31. Live imaging of scratch wound healing in Hela-H2B-GFP cells with insulin 2uM and
VO-Ohpic 2uM and their combination

The graph shows the difference in scratch width after treatment with insulin 2uM, VO-Ohpic
2uM and their combination, which was observed after 24h. The results are from 3 independent

experiments and no statistical significance was seen. Ins = insulin.
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Figure 32. Live imaging of scratch wound healing in Hela-H2B-GFP cells with insulin 2uM and
VO-Ohpic 2uM and their combination
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The graph shows the difference in scratch area after treatment with insulin 2uM, VO-Ohpic
2uM and their combination, which was observed after 24h. The results are from 3 independent

experiments and no statistical significance was seen. Ins = insulin.

We were then interested in counting the number of micronuclei induced in the scratch
region, among the cells which had migrated and/or divided into the scratch area. We
performed this by manual counting of micronuclei present in 1000 cells within the
original scratch region. The results showed a slight non-significant increase in the
number of micronuclei after insulin, VO-Ohpic and their combined treatment as
compared to the control (Figure 33). We also observed the number of mitotic cells
present in the area and clearly, the insulin treated cells had an increase in the number
of mitosis as compared to the control and VO-Ohpic treated cells in the scratch region

(Figure 34).
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Figure 33. Live imaging of scratch wound healing in Hela-H2B-GFP cells with insulin 2uM and
VO-Ohpic 2uM and their combination

The graph shows the number of micronuclei counted in the scratch area in 1000
mononucleated cells, after treatment with insulin 2uM, VO-Ohpic 2uM and their combination,
which was observed after 24h. The results are from 3 independent experiments and no

statistical significance was seen. Ins = insulin.
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Figure 34. Live imaging of scratch wound healing in Hela-H2B-GFP cells with insulin 2uM and
VO-Ohpic 2uM and their combination

The graph shows the number of mitosis which occurred among 1000 mononucleated cells,
counted in the scratch area, after treatment with insulin 2uM, VO-Ohpic 2uM and their
combination, which was observed after 24h. The results are from 3 independent experiments

and no statistical significance was seen. Ins = insulin.

Then we wanted to test the effect of ROS depletion by the antioxidant N-acetyl
cysteine (NAC) on insulin mediated proliferation and wound healing using the scratch
assay to identify a possible role of ROS-related signalling in these events. The results
showed a significant increase in MN with the insulin treated cells in the scratch area
followed by a clear reduction in the number of micronuclei after treatment with NAC

(Figure 35).
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Figure 35. Live imaging of scratch wound healing in Hela-H2B-GFP cells with insulin 2uM and

NAC 5mM and their combination

The graph shows the number of micronuclei counted in the scratch area in 1000
mononucleated cells, after treatment with insulin 2uM, NAC 5mM and their combination,
which was observed after 24h. The results are from 3 independent experiments. * significantly

different from control with p<.05. Ins = insulin, NAC = N-acetylcysteine.
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Similarly, the scratch assay showed an increase in the number of mitosis observed in
the scratch region as compared to the control and this was reduced after combining

with the NAC (Figure 36).
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Figure 36. Live imaging of scratch wound healing in Hela-H2B-GFP cells with insulin 2uM and

NAC 5mM and their combination

The graph shows the number of mitosis which occurred among 1000 mononucleated cells,
counted in the scratch area, after treatment with insulin 2uM, NAC 5mM and their
combination, which was observed after 24h. The results are from 3 independent experiments

and no statistical significance was seen. Ins = insulin, NAC = N-acetylcysteine.

We measured the induction of oxidative stress by measuring ROS through DHE
fluorescence in Hela-H2B-GFP cells treated with insulin, VO-Ohpic and their
combination. Antimycin A was used as the positive control for ROS induction (Figure
37A). The results showed a significant increase in ROS induction after insulin
treatment. The treatment with VO-Ohpic alone did not show an increase in ROS and

it also prevented the ROS induction by insulin in the combination (Figure 37B).
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Figure 37. DHE fluorescence to measure the ROS induction in Hela-H2B-GFP cells treated with

insulin 2uM and VO-Ohpic 2uM and their combination

A. Hela-H2B-GFP cells were treated for 30min with the PTEN inhibitor VO-Ohpic 2uM and then
for 30min with insulin 2uM, along with 10uM DHE dye. Antimycin A 50uM was used as the

positive control.

B. The graph shows the DHE fluorescence measured as the mean grey value using the Image J
software. * significantly different from control, # significantly different from insulin, *#

different from both control and insulin with p<.05. Ins = insulin, AMA = antimycin A

We then tested the depolarization of the mitochondria by staining the Hela-H2B-GFP
cells treated with insulin, VO-Ohpic and their combination by staining with TMRE dye

(Figure 38A). The results showed only a slight reduction in mitochondrial membrane
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potential in the insulin treated cells. The VO-Ohpic treatment alone and its
combination with insulin also showed a slightly lower mitochondrial membrane
potential compared to the control (Figure 38B). Here we again used antimycin A as a

positive control for mitochondrial toxicity.
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Figure 38. TMRE fluorescence to measure the ROS induction in Hela-H2B-GFP cells treated with

insulin 2uM and VO-Ohpic 2uM and their combination

A. Hela-H2B-GFP cells were treated for 30min with the PTEN inhibitor VO-Ohpic 2uM and then
for 30min with insulin 2uM, along with 10nM TMRE dye. Antimycin A 50uM was used as the

positive control.

B. The graph shows the TMRE fluorescence measured as the mean grey value using the Image

J software. * significantly different from control with p<.05. Ins = insulin, AMA = antimycin A.
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4.4. Genotoxic outcomes in obese patients with diabetes

To study the influence of obesity and T2DM in causing genomic damage, we used
peripheral blood monocytes and plasma from the blood of obese patients and healthy
controls. Height, weight, age, gender and bodyweight of the study subjects were
recorded (Table 2) along with their history of comorbidities, if present, by the
Department of Surgery and Endocrinology, University Hospital of Wuerzburg. The
levels of glycated haemoglobin were also recorded in these subjects (Table 3). Prior
permission had been obtained from the journal Mutation Research — Genetic
Toxicology and Environmental Mutagenesis for the work co-authored and published
by the author of this thesis, to use the contents of the publication [84] in this

dissertation (permission attached in Appendix).

Type Gender Mean of
Body weight Height BMI Age
[kel [cm] [kg/m?] [years]
Control Female =8 64.13 169.00 22.39 35
Male =2 84.10 183.00 25.11 28
Patients Female =23 135.98 165.70 49.65 44
Male =4 166.23 178.25 52.51 51

Table 2. Characteristics of subjects used in the human study.

Glycated haemoglobin (HbA1lc)

< 6% > 6%
Number n=15 n=12
Mean 5.39 7.00

Table 3. Glycated hemoglobin HbA1C levels in obese subjects.

We compared the body weight between the healthy controls and obese patients,
along with their sub-distribution based on the different co-morbidities [Insulin
resistance (IR) (n = 6), Type 2 diabetes mellitus (T2DM) (n = 4), non-insulin resistant
and Type 2 diabetes mellitus (nIR/T2DM) (n = 3)]. Although this overall patient group

was described already in a paper by our group [84], the parameters shown here are
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recalculated for the precise subgroup of patients studied, which resulted from the
availability of samples from the previous larger group and some additional parameters
were calculated. The results clearly showed that the obese patients had a 2-fold higher
bodyweight and had a difference based on their co-morbidities. All sub-groups had a
higher weight as compared to the controls and the sub-group, which were non-insulin

resistant and Type-2 diabetes mellitus, had the highest body weight as compared to

the controls (Figures 39, 40).
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Figure 39. The graph shows the bodyweight distribution (in kg) of control and obese patients

used in this study, n = 10 and n = 27, respectively.
* significantly different from control with p<.05
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Figure 40. Bodyweight distribution (in kg) of control and obese patients with pre-existing

conditions used in this study.

The graph shows the bodyweight (in kg); control (n = 10) and for different pre-existing

conditions such as insulin resistance (IR) (n = 6), type-2 diabetes mellitus (T2DM) (n = 4), non-
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insulin resistant and type-2 diabetes mellitus nIR/T2DM (n = 3). * significantly different from

control with p<.05.

We also compared the body mass index (BMI) between the healthy controls and obese
patients, along with their sub-distribution based on the different co-morbidities
[Insulin resistance (IR) (n = 6), Type 2 diabetes mellitus (T2DM) (n = 4), non-insulin
resistant and Type 2 diabetes mellitus (nIR/T2DM) (n = 3)]. The results showed that
the obese patients had a 2-fold higher BMI and a difference based on their co-
morbidities. All of them had a higher BMI as compared to the controls and the sub-
group, which had type-2 diabetes mellitus, had the highest BMI as compared to the
controls (Figure 41, 42).
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Figure 41. The graph shows the body mass index (BMI) distribution (in kg/m?) of control and

obese patients used in this study, n = 10 and n = 27, respectively.

* significantly different from control with p<.05.
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Figure 42. Body mass index (BMI) distribution (in kg/m?) of control and obese patients with

pre-existing conditions used in this study.

The graph shows the body mass index (BMI) (in kg/m?); control (n = 10) and for different pre-
existing conditions such as insulin resistance (IR) (n = 6), type-2 diabetes mellitus (T2DM) (n =
4), non-insulin resistant and type-2 diabetes mellitus nIR/T2DM (n = 3). * significantly different

from control with p<.05.

The peripheral blood mononuclear cells were collected from healthy controls and
obese patients, and the alkaline comet assay was performed. The results showed a
significantly higher level of DNA damage among the obese patients (n = 27), as
compared to the healthy controls (n = 10), detected as percentage of tail DNA (Figure
43). When the patients with high levels of glycated hemoglobin (HbAlc >6%) were
selected (n = 12), once again, significantly higher levels of DNA damage was detected
as compared to the healthy controls (n = 10) (Figure 44). We then performed a
correlation analysis to compare the relationship between the bodyweight, BMI,
glycated hemoglobin and the percentage of DNA damage, but we did not find a
positive correlation among them (data shown in Table 3 and Figure 48 of the

Appendix).
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Figure 43. Genotoxicity assessment by alkaline comet assay in peripheral blood mononuclear

cells of the control and obese patients, n = 10 and n = 27, respectively.
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Figure 44. Genotoxicity assessment by comet assay in peripheral blood mononuclear cells of

the control and obese patients with glycated hemoglobin (HbA1C) levels higher than 6

The graph shows the percentage of DNA damage, detected by alkaline comet assay among

the control (n = 10) and obese patients (n = 12). * significantly different from control with p<.05

We then sorted the DNA damage outcomes in those obese patients based on their
pre-existing disease conditions [Insulin resistance (IR) (n = 6), Type 2 diabetes mellitus
(T2DM) (n = 4), non-insulin resistant and Type 2 diabetes mellitus (nIR/T2DM) (n = 3)].
The results showed that the obese patients with the different co-morbidities had
increased DNA damage as compared to healthy controls. Among the different co-
morbidities, the insulin resistant (IR) group had the highest level of DNA damage.
(Figure 45)
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Figure 45. Genotoxicity assessment by alkaline comet assay in peripheral blood mononuclear

cells of the control and obese patients with different pre-existing conditions.

The graph shows the percentage of DNA damage detected by alkaline comet assay among the
control (n = 10) and for the different pre-existing conditions such as insulin resistance (IR) (n =
6), type-2 diabetes mellitus (T2DM) (n = 4), non-insulin resistant and type-2 diabetes mellitus
nIR/T2DM (n = 3). * significantly different from control with p<.05.

We then measured the advanced oxidative protein products (AOPP) found bound to
the plasma of the healthy controls and obese patients. The results confirmed that the
obese patients had a significantly higher (3.5-fold) increase in oxidative products
detected in their plasma as compared to the controls (Figure 46). When we further
tested this based on the co-morbidities [IR (n = 6), T2DM (n = 4), nIR/T2DM (n = 3)],
we found that the sub-group with IR and nIR/T2DM had higher levels of AOPP’s found

in their plasma as compared to the controls (Figure 47).
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Figure 46. Detection of advanced oxidation protein products as umoles/mL equivalents of
Chloramine-T in the plasma of the control and obese patients used in this study, n = 10 and n

=27, respectively

* significantly different from control with p<.05
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Figure 47. Detection of advanced oxidation protein products as umoles/mL equivalents of
Chloramine-T in the plasma of the control and obese patients used in this study with pre-

existing conditions

The graph shows the advanced oxidation protein products measured as pmoles/mL
equivalents of Chloramine-T; control (n = 10) and for the different pre-existing conditions such
as insulin resistance (IR) (n = 6), type-2 diabetes mellitus (T2DM) (n = 4), non-insulin resistant

and type-2 diabetes mellitus nIR/T2DM (n = 3). * significantly different from control with p<.05.
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5. Discussion

5.1. Invitro genotoxicity of insulin in combination with adrenaline

The cytokinesis block MN assay confirmed previous findings [6, 85] that both
hormones - insulin and adrenaline, had a genotoxic potential at high concentrations.
High non-physiological concentrations from the saturation dose range of the
individual dose response relationships were chosen for a combination experiment.
The simultaneous treatment of HL60 cells with insulin and adrenaline did not show
any additive increase in MN induction, although the combination of insulin with the
alkylating agent MMS [86], yielded an additive effect. This showed that achieving an
additive response was possible in this test model. Additive increase in MN induction
could be expected because of the difference in the mechanism of action between

insulin and MMS, through oxidative stress induction and DNA alkylation, respectively.

The lack of additivity after the combination of insulin and adrenaline at high
concentrations was hypothesized to be due to the exhaustion of an overlapping point
in the intracellular signalling pathway of the two hormones. Therefore, we looked for
a mechanistic overlap, and based on available literature we investigated the role of
AKT, a known activator of the insulin signalling pathway [41]. With regards to
adrenaline, published studies had shown that there was a cell type specific inhibitory
or activating effect on AKT through the cAMP signalling pathway [25]. The results from
the western blotting showed that, in the HL60 cells used here, only insulin, but not
adrenaline, led to an increase of phosphorylated AKT over total AKT. The combination
of insulin and adrenaline also did not induce an additive increase in AKT
phosphorylation, while the combination of insulin and MMS showed an additive
increase. To further investigate the potential role of AKT activation in MN induction
by insulin, we combined the insulin treatment with the total AKT inhibitor MK-2206
[87] and observed a significant decrease in MN formation. Thus, AKT was involved in
the insulin-induced MN formation, but was not involved in the adrenaline-induced MN

formation in our test model.
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Hormone signalling is known to begin at the site of the membrane bound receptors to
which the hormone is bound. Therefore, we used the hormone receptor specific
blockers HNMPA (AM)s and propranolol to block the insulin receptor and B-adrenergic
receptor, respectively [85, 88]. This prevented the MN induction by each of the
hormones. Thus, in the case of insulin, the genomic damage causing events began with
its interaction to the membrane bound receptor, followed by the phosphorylation of
the AKT protein and further induction of MN. Whereas in the case of adrenaline,
signalling also started with the receptor-binding, but circumvented the AKT protein to
cause the DNA damage. Therefore, AKT phosphorylation and activation did not
represent the mechanistic overlap between the two hormones regarding the

induction of MN.

Increased AKT signalling was associated with high ROS and oxidative stress [89], and
previous studies had shown that oxidative stress was involved in the induction of
genomic damage by both the hormones [6, 90-92]. Therefore, the antioxidant
substance N-acetyl-cysteine was used to test if cellular ROS scavenging could cause a
reduction in the MN formation [93]. For both the hormones, a reduction in the
induction of MN was observed. Thus, we hypothesized that the ROS producing source
could be the overlapping signalling part, which was exhausted by each of the
hormones in its response-saturated dose range and could not produce more ROS upon

application of the hormone combination.

The two most important cellular sources of this ROS production were the
mitochondria and the NADPH enzyme complex (NOX) [91, 94]. Of the different NOX
isoforms, the HL60 cells used here showed a predominant expression of the NOX 2
isoform [23]. To study which of the two ROS sources were crucial for the hormone-
induced MN, we used rotenone (a mitochondrial complex | inhibitor) [95] and total
NOX inhibitor VAS2870 (a general NOX enzyme assembly blocker) [96]. The use of
rotenone caused the blockage of electron transfer from the mitochondrial complex |
to the following complexes, which led to the absence of ROS leakage from the complex
[ll. The combination of insulin and adrenaline with rotenone led to the reduction in

the genomic damage, indicating that the mitochondrial ROS was involved in the
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induction of MN. The combination of the hormones with VAS2870, a general NOX
blocker, also effectively decreased the induction of MN. Therefore, the inhibition of
the mitochondrial and NOX 2 related ROS production yielded a reduction in the MN

formation.

Mitochondria and NOX were known to perform cross talk, thereby, regulating the
overall cellular ROS production [33, 95]. MN tests with the mitochondrial complex IlI
inhibitor antimycin A, which was known to cause a leakage of mitochondrial
superoxide due to the blockage of electron transfer across the electron transport
chain [97, 98], showed no MN formation but an increase in cytotoxicity with higher
concentrations. The treatment with antimycin A may have increased the uncoupling
of the mitochondria which led to the enhanced release of mitochondrial superoxide,
a negatively charged reactive molecule, which further led to the mitochondrial
dysfunction and affected the cellular ROS regulation through the activation of TNFa
and IL-1 signalling cascades [99]. From previous studies [99], it has been observed that
the mitochondrial oxidative stress affected the cellular ability to produce energy and
redox signalling. Also, the increased release of mitochondrial ROS into the cytoplasm
may have led to the activation of the apoptotic signalling cascade before the ROS
reached the nucleus and caused the DNA damage. Therefore, the location of ROS
production and mitochondrial antioxidant scavenging system could also be a reason
why high levels of antimycin A stimulation did not cause an increase in genomic
damage induction. At high concentrations, antimycin A may have triggered a cell death
response but this confirmed that the mitochondrial ROS alone were not sufficient for
the induction of micronuclei and the combination with NOX activation may be

essential for ROS-mediated genomic damage induction.

From literature [91, 99], it has been known that the NOX 2 produced superoxide
outside the cellular membrane, that was converted to hydrogen peroxide
immediately, which could then re-enter the cell and cause DNA damage. In other cell
lines, we previously demonstrated that the NOX 1 or the NOX 4, but not the NOX 2,
was responsible for genomic damage induction [82, 92]. However, it could be that this

effect was always produced by the predominant cellular NOX-isoform, which was the
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NOX 2 isoform in the HL-60 cells. Since mitochondria could produce enough ROS for
the cells to go into apoptosis, it was unlikely that each of the hormones exhausted
their capacity. The more likely explanation for the non-additive effect was that the
NOX 2 capacity in the HL-60 cells was exhausted by each of the hormones, pointing to
the NOX 2 as the mechanistic overlap between insulin- and adrenaline-induced

genomic damage.

Regarding in vivo physiological conditions, where the hormones are present at lower
levels, it must be pointed out that the non-additivity observed here may not occur. If
concentrations occurred at levels that were not already in the saturation range of the
dose response relationship, their combination could cause an additive effect even if
the same cellular ROS source (or other overlapping mechanism) was involved. This
should be considered further for situations like T2DM, where the pancreatic B-cells
could become dysfunctional and exhaust their cellular antioxidant capacity. [100] In
this case, the pathophysiological concentrations of insulin and adrenaline could still

lead to an additive increase in genomic damage.
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5.2. Effect of PTEN inhibition on insulin induced genotoxicity

The PTEN gene was involved in the regulation of the insulin-AKT signalling pathway
and its dysregulation could lead to the development of insulin resistance, obesity and
cancer. Diabetic patients showed a higher risk of developing a chronic kidney disease
and kidney cancer. [101] A special situation was the Cowden syndrome, which was a
hereditary cancer syndrome having germline mutations in the PTEN gene leading to
many cancers including renal cell carcinoma [102]. According to [103], a high fat diet
induced hypersecretion of pancreatic insulin, led to hyperinsulinemia and obesity.
Also, in another study [64], mice deficient in 8-oxoguanine DNA glycosylase (0GG1)
(Oggl-/-), when exposed to a high fat diet, had an increase of adiposity, hepatic

steatosis, higher insulin levels and impaired glucose tolerance.

The kidney tissue of a PTEN haplodeficient knockout (Ko) mouse model and wild-type
controls were available to us through a collaboration and allowed the further analysis
of the PTEN relevance in the ROS-related pathways of insulin action. In addition to
normal diet (ND), a high fat diet (HFD) had been applied, which was known to induce
hyperinsulinemia in this C57BL/6 mice model [104, 105]. Hence, we used this high fat

diet fed mouse model in our study to test for oxidative stress markers.

The results showed an increased expression of the oxidative stress protein HSP70
[106] and of the antioxidant response enzyme HO-1 [107] in the kidneys of the PTEN
Ko mice, as compared to the wildtype mice. A slight increase in oxidative stress was
observed between the ND and the HFD in the wildtype mice, but no such difference
was observed in the PTEN Ko mice. The high fat diet group of mice, known to have
signs of hyperinsulinemia and insulin resistance [108, 109], did not give any conclusive
evidence of the PTEN deletion effect on oxidative stress. Overall, the results from this
rodent model supported the hypothesis of PTEN being a relevant step in the signalling
between insulin and oxidative stress, which could probably lead to genomic damage

induction, but by itself did not provide any clear and conclusive evidence.

Therefore, we performed further experiments to test for genomic damage and

oxidative stress using cultured kidney cell lines, NRK cells (rat) and pig kidney proximal
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tubule LLCPK1 cells (pig). The MN tests with insulin treatment and the combination of
insulin with pharmacological PTEN inhibition with VO-Ohpic in NRK cells showed a
clear increase in genomic damage, when compared to the control. This showed that,
before the insulin mediated MN induction went through the AKT signalling pathway,
the blocking of its regulator protein PTEN led to the overactivation of AKT and caused
an increase in genomic damage. This was also previously shown in the liver tissue and
in vitro hepatic cell lines [77]. From the DHE fluorescence measurement, we detected
no increase in intracellular ROS production after the pharmacological PTEN inhibition
with VO-Ohpic alone and also after its combination with insulin treatment. This was
probably due to the overwhelmed endogenous ROS production from the insulin
treatment, and this exhaustion was known to cause a total disruption of mitochondrial
function, which could lead to reduced mitochondrial ROS production and
tumorigenesis. [110] TMRE staining for the mitochondrial membrane depolarization
showed that the insulin treatment caused a significantly lower fluorescence, similar to
the combination with VO-Ohpic. Overall, the in vitro results in NRK cells revealed the
depletion of mitochondrial function and consequently a reduced ROS production after

PTEN inhibition and insulin treatment.

Another aspect was that, both the NOX 1 and the NOX 4 enzyme-derived ROS
formation regulated the PTEN function through the oxidative inhibition of AKT and
increased cell proliferation, through the hyperactivation of the AKT signaling pathway
[110]. For example, the dissertation work by [111] had shown that the kidney cell line
HK2 expressed high levels of the NOX 2 and the NOX 4 isoforms, and the increased
ROS production from the high levels of insulin treatment caused an increase in DNA
oxidation damage. Similarly, in the LLCPK1 pig kidney cells, we observed a slight
increase in MN number, DHE fluorescence for ROS detection and mitochondrial
membrane depolarization after treatment with insulin and VO-Ohpic, as compared to
the insulin treatment alone. Therefore, our results showed that the pharmacological
inhibition of PTEN had an influence in the increase in insulin induced genotoxicity and
the exhaustion of mitochondrial ROS production, which caused an oxidative stress

mediated genomic damage induction.
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The mitochondrial oxidative metabolism and insulin resistance were closely related to
each other and there was evidence of a low mitochondrial oxidative capacity in T2DM
and obesity [112]. Many studies had shown that chronic inflammation, T2DM and
obesity were important factors in chronic kidney disease and injury [113, 114]. It was
also proven that there was reduced mitochondrial activity, overall mitotic content and
biogenesis in the diabetic kidney [113, 115]. The kidney tissue in humans expressed
high levels of the NOX 2 and the NOX 4 isoforms, which could internally regulate the
PTEN function via ROS [116]. The high insulin levels in T2DM and obesity, along with
the subsequent increased ROS production could be of significant importance under
the conditions of failed antioxidant scavenging defence and PTEN deletion. Especially
for the in vivo conditions, where the physiological insulin levels could not yet be
saturated, the endogenous ROS sources could still be functional and at that point, the
presence of PTEN mutations of either sporadic or hereditary origin could influence the

initiation of genomic damage and promotion of cancer.

In summary, we now know that the AKT signalling and its regulation via the PTEN gene

had implications on the insulin-induced increase in oxidative stress and MN induction.
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5.3. Effect of proliferative stress on micronucleus induction

Replicative stress could lead to MN formation if the P53 gene becomes defective [52].
The P53 gene protects the cells against oxidative stress, regulates the action of the cell
cycle checkpoints and the DNA repair mechanisms and also initiates cell death
response [55]. Hela cells were known to have an intact insulin signalling pathway
through the cell surface insulin receptor [117] and an insulin mediated AKT
phosphorylation, which had mitogenic effects [118]. In the Hela cells where the P53
gene was known to be defective [119], the addition of high concentrations of insulin
led to an increase in MN formation. This MN formation occurred in addition to the
ROS mediated effects, as seen in the other cell lines. This could be due to a replicative
stress caused by the proliferation enhancement through insulin treatment. Therefore,
high insulin levels when presented along with defective P53 conditions could lead to

the increased induction of MN and the accumulation of genomic damage.

Time-lapse live cell imaging showed that insulin induced an increase in the number of
MN, mitosis and multipolar mitosis as compared to the untreated control, while a
reduction in the number of apoptosis was observed. The insulin treatment not only
yielded an increase in the number of mitotic cells but also exhibited an increased rate
of mitosis, as compared to the untreated control. The positive control MMS, known
to cause DNA alkylation, led to a high MN number but a relatively lower rate of mitosis.
This longer duration of the cell cycle in MMS treatment could be due to the delay in
cell cycle progression, in order to allow for DNA repair action. [120] We hypothesized
that the accelerated mitosis due to insulin treatment could exert a mild proliferative
stress, wherein, the cell cycle checkpoints were bypassed, and the cells divided with
mitotic errors, which led to MN formation and genomic instability [53]. Similar
observations were reported for the stimulation of proliferation and the induction of

MN by estradiol treatment of breast and ovarian cancer cell lines [121, 122].

Out of the 1000 cells scored, the insulin treated cells had the shortest duration of
mitosis and MMS treated group had the longest duration of mitosis; the long mitosis

duration indicated cell cycle checks (G1/G2) and DNA repair activity [123]. The shorter
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duration of mitosis occurring in the insulin treated cells could be exerted by the
proliferation stimulus that insulin induced in many cell types. This allowed the cells to
escape the mitotic checkpoint proteins and to result in abnormal mitosis, which we
observed by the increase in multipolar mitosis in the insulin treated cells. The insulin
treated cells had a higher number of cells in mitosis as compared to the MMS treated
ones. This indicated that during the 24h observation period, a cell had undergone cell
division more than once in the insulin treated group, as compared to the MMS treated
group. This further confirmed that the growth stimulatory/proliferative signal
exhibited by insulin in the Hela cells added to the genomic instability observed in these
cells after insulin treatment, possibly in addition to ROS mediated damage. It could
also be possible that genomic damage from proliferative stress and oxidative stress
were inseparable from each other, in the sense that the enhanced proliferation could

be mediated by the elevated ROS formation.

The results from the short interval time-lapse imaging also showed that the insulin
treated cells had a shorter duration of mitosis and a shorter time span from
metaphase to anaphase, as compared to the untreated control. In addition, the insulin
treated cells had a longer duration from prophase to metaphase and from anaphase
to telophase. It was already known that the tumor cells had defective, but not
deficient, mitotic checkpoint regulators [124]. These checkpoint regulators delayed
the progression through mitosis and rectified the errors to maintain the chromosome-
spindle integrity and prevent the generation of aneuploidy that facilitated

carcinogenesis [124, 125].

In the insulin treated vs the untreated control cells, the high levels of ROS from insulin
treatment could have led to the accelerated proliferation signal while the defective
P53 caused the bypassing of the inhibitory action of the anaphase promoting complex
(APC). The main role of the APC was to inhibit the progression from metaphase to
anaphase before all the kinetochores were tightly bound to the spindle apparatus.
Thus, insulin used a mitotic checkpoint defect and spindle impairment, to generate
anaphase lag chromosomes and missegregated chromosomes, which ended up as MN

and led to genomic instability. Therefore, we showed for the first time that insulin
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caused a mild replicative stress on cancer cells. In the case of healthy non-cancerous
cells, the functional mitotic checkpoint proteins and antioxidant defense systems
could counteract these events. However, in pre-cancerous or other pathological
conditions with defective cell cycle machinery (e.g., PTEN deficiency syndromes), the
effect from high insulin and other hormone levels could be relevant for the

development of additional genomic damage and cancer progression.

We then used the scratch wound healing assay to test the potential of insulin to
increase proliferation and to induce mitosis. The wound healing was characterized by
cell proliferation and migration [80]. The non-significant increase in healing (change in
scratch area and width) after insulin treatment along with an increase in mitosis and
MN number, showed its relevance as a growth promoter as well as an inducer of mild
replicative stress leading to MN formation. When the insulin treatment was combined
with an antioxidant, there was a clear reduction in MN and mitosis. This indicated the
influence of insulin-induced ROS in the enhancement of proliferative signals and the
induction of MN formation. The results were in line with the replicative effect

observed from the live imaging experiments.

To see the influence of PTEN-related signalling in the scratch wound healing, we
combined the insulin treatment with the PTEN inhibitor VO-Ohpic. The results showed
a clear increase in scratch healing with insulin treatment and a reduction after
treatment with VO-Ohpic. The expected outcome was that the PTEN inhibition could
increase the AKT activation and ROS production, thereby, enhancing the genotoxic
effect of insulin. However, both results from the scratch wound healing (change in
scratch area, width, mitosis and MN number) and the above-discussed in vitro results
from oxidative stress and mitochondrial depolarization, showed conflicting outcomes.
This could be a result of overactivation of the AKT signalling pathway in Hela cells, due
to the P53 defect and a pharmacological PTEN inhibition, that could have activated an

alternate negative feedback regulation through the mTORC1 signalling. [126]
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5.4. Genotoxic outcomes in obese patients with diabetes

The increase in genomic damage among obese patients was a consistent outcome and
has been well documented [66, 68, 127]. However, the factors influencing this
outcome are still under scrutiny. Oxidative stress and inflammation were commonly
occurring pathologies of obesity that caused DNA repair defects and genomic
instability. Different factors such as the body weight, body mass index (BMI), glycated
haemoglobin (HbA1C) levels served as biomarkers in the context of obesity. Some of
these biomarkers had been correlated to the genomic damage induction via MN,
nucleoplasmic buds and bridges, and the development of 8-hydroxy-2'-
deoxyguanosine (8-OHdG) bases [128]. Here, the results of alkaline comet assay in the
PBMC’s of control vs obese subjects showed a 2-fold significant increase in DNA
damage. Obesity and insulin resistance (IR) are interrelated processes due to the
involvement of oxidative stress and redox signalling. Chronic inflammation markers
were increased during obesity and T2DM, which could lead to insulin resistance. [68,
84] The AOPP’s are chronic biomarkers of plasma oxidation products especially in
T2DM, which depended on oxidative/antioxidative metabolic regulation [129]. The
measurement of plasma oxidation products was significantly higher in the obese
patients as compared to the respective healthy controls. This outcome was consistent
with the increased DNA damage observed in alkaline comet assay. Therefore, the
results explained the link between oxidative stress and genotoxicity present in obesity.
When we categorize the data according to the different comorbidities present in the
test subjects, we found that the IR and non-insulin resistance/type-2 diabetes mellitus

(nIR/T2DM) subgroups had the highest AOPP levels.

It was well-known that hyperinsulinemia and T2DM led to high HbAlc levels as
compared to the controls [130]. Here, we used a cut-off level (26%) HbA1lc, which was
representative of the pre-diabetic state and diabetes, according to the American
Diabetes Association. The sub-group of patients with (26%) HbA1c levels had a 2-fold
increase in DNA damage as compared to the healthy controls. Studies had already
indicated a correlation between HbA1lc and oxidative stress through low antioxidant

capacity and high lipid peroxidation status in diabetic individuals [131]. Despite the
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elevated levels of DNA damage and oxidative stress on a group level, a correlation
analysis on an individual level did not show a positive correlation between these

markers and BMI or HB1Ac, which could be due to the small sample size.

We then classified the data from DNA damage according to the different comorbidities
of obesity, namely insulin resistance and type 2 diabetes mellitus with or without
insulin-resistance. All the sub-groups with and without insulin resistance showed
increased DNA damage levels. This finding complemented our main hypothesis that
high insulin levels were associated with increased DNA damage. The DNA damage in
the diabetic groups were lower, which could be due to the medical treatment in these
groups that may lower the insulin levels. High insulin levels were found in obese, pre-
and early T2DM patients, which could lead to insulin resistance and these insulin
resistant groups tend to have increased DNA damage. [127, 132] This could then
contribute to the accumulation of mutations and the elevated cancer incidence in

obesity.

On one hand, it explained the hypothesis that insulin resistance led to an increased
oxidative stress and thereafter, higher DNA damage. On the other hand, patients
without insulin resistance but with an impaired B-cell function and insulin secretion
(which could lead to T2DM), also had a high risk of oxidative stress and genotoxicity.
Nevertheless, in both the cases, high HbAlc levels and hyperinsulinemia could be
present [133], which could increase the potential to develop oxidative stress and
genomic damage. The antioxidant defense and DNA repair mechanisms were known
to be altered in obesity and T2DM. [134] However, this is also a reversible damage
that can improved by physical exercise, dietary intervention and weight loss in the
case of obese patients [84, 135]. The overall oxidative stress and its defense are key
players in determining the genotoxic outcome in obese patients. Early
hyperinsulinemia and insulin resistance further increase the oxidative stress and

genomic damage burden in these patients.
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5.5. Conclusion

Overall, we conclude that under in vitro conditions, high insulin levels caused DNA
damage through the induction of oxidative stress. This could have an additive effect
in inducing DNA damage (under pathophysiological conditions), when presented
along with other hormonal imbalances, such as high adrenaline levels, which could
also cause an increase in oxidative stress and genomic damage. In vitro PTEN inhibition
along with insulin treatment showed an increase in oxidative stress and DNA damage.
In the case of diseases where the PTEN regulatory gene is mutated/deleted, a
dysregulated insulin signalling could lead to the accumulation of DNA damage and
increase the pre-disposition to cancer formation. Defective insulin signalling
mechanism caused genomic damage through the induction of high levels of
endogenous ROS and a possible replicative stress, which led to an increased
micronucleus formation. Finally, obese and T2DM patients, with or without insulin
resistance, showed an increase in DNA damage and plasma protein oxidation levels as
compared to the healthy subjects. Thus, from our studies, we have shown that high
insulin levels are in fact involved in causing DNA damage through the induction of
oxidative stress and this could lead to the accumulation of deleterious mutations and

cancer formation.

76



Summary

6. Summary

In vitro genotoxicity studies with high concentrations of insulin and its combination
with adrenaline showed no additive increase in MN formation. The insulin mediated
genomic damage involved mainly the insulin receptor and the AKT signaling pathway.
The endogenous ROS sources, mitochondria and NOX, were involved in insulin
mediated DNA damage. High levels of mitochondrial ROS alone, caused by a
mitochondrial complex Il inhibitor, led to cytotoxicity but not to an increase in
genomic damage. The NOX enzyme mediated ROS production seemed to be the
shared component of the genotoxic signaling pathway between insulin and
adrenaline. The overstimulation of this NOX could have led to the saturation and lack
of additivity in genomic damage induction. This could, however, be different under
physiological conditions, where the hormone levels could be lower and the ROS
sources are yet to be exhausted, thereby, increasing the possibility of an additive

genomic damage.

The effect of AKT signaling in insulin mediated genomic damage was well established
and the function of its negative regulator protein, PTEN, was studied here. The results
showed that the PTEN inhibition not only caused increased genotoxicity via MN
induction, but also led to the depletion of mitochondrial function. Although no actual
increase in ROS was observed after PTEN inhibition, the mitochondrial dysfunction
could have been sufficient to cause a metabolic imbalance and led to the increase in
genomic damage. This may be particularly significant in patients with certain PTEN
associated syndromes and cancers, with defective PTEN functions, such as
dysfunctional tumor suppression, DNA repair and antioxidant defense mechanisms.
When these patients are affected by hyperinsulinemia, it could enhance the

accumulation of genomic damage and the risk of developing cancer.

The mechanism of genomic damage induction through insulin has been mostly
associated with DNA oxidation but rarely through mitogenic signaling. Here the

mitogenic potential of insulin along with the generated oxidative stress accelerated
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the cell division, causing a mild replicative stress. This mild replicative stress could
have escaped the scrutiny of the mitotic checkpoint proteins and led to mitotic errors,
which ended up as lagging chromosomes and chromosome breaks. In case of
cancerous Hela cells, this mitotic error could have formed the multipolar spindles and
micronuclei. Under healthy conditions, the cellular defense mechanisms could
counteract this effect. But high insulin mediated genomic damage presented along
with other comorbidities such as PTEN syndromes, metabolic syndrome or obesity

could lead to the accumulation of deleterious genomic damage.

Finally, the genotoxic outcomes studied in obese patients showed an increase in DNA
damage and oxidative stress as compared to the healthy controls. The increase in DNA
damage was also the highest amongst the subgroup of patients with insulin resistance.
Thus, high insulin levels presented the risk of increased oxidative stress and genomic

damage, especially when combined with comorbidities.

Limitations in clearly understanding these multifactorial interrelationships was the
interplay of oxidative stress and its cellular regulation in many physiological, as well as
pathophysiological processes. Along with this, the detection of the low effect range of
the insulin mediated genomic damage was challenging. Further studies into the
complex insulin mediated genomic damage pathway will be necessary to better
characterize the possible risks posed by hyperinsulinemia in conditions like metabolic

disease, early type 2 diabetes and obesity.
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Zusammenfassung

Zusammenfassung

In-vitro-Genotoxizitatsstudien mit hohen Konzentrationen von Insulin und die
Kombination mit Adrenalin zeigten keinen additiven Anstieg der Mikrokernzahl. Der
Insulinrezeptor und der AKT-Signalweg waren in den insulinvermittelten
Genomschaden involviert. Die endogenen ROS-Quellen, Mitochondrien und NOX,
waren an dem insulinvermittelten DNA-Schaden beteiligt. Hohe Konzentrationen von
mitochondrialen ROS allein, verursacht durch einen Komplex Ill Mitochondrien-
Inhibitor, fihrten zu Zytotoxizitat, aber nicht zu einer Zunahme des Genomschadens.
Daher ist die durch das NOX-Enzym vermittelte ROS-Produktion wahrscheinlich der
gemeinsame Faktor des genotoxischen Signalweges von Insulin und Adrenalin. Die
Uberstimulation des NOX-Enzyms fiihrte zu einer Sattigung der zelluliren biologischen
Effekte und fehlender Additivitat bei der Induktion von Genomschaden. Dies kdnnte
jedoch unter physiologischen Bedingungen anders sein, da die Hormonspiegel
niedriger sind und die ROS-Quellen nicht durch jedes einzelne der Hormone bereits
maximal genutzt und daher erschépft werden. Damit konnte die Mdoglichkeit eines

additiven Genomschadens in vivo bestehen.

Die Rolle des AKT-Signalwegs bei der Insulin-vermittelten genomischen Schadigung ist
bereits etabliert und hier wurde nun die Funktion des negativen Regulatorproteins
PTEN untersucht. Die Ergebnisse zeigten, dass die PTEN Inhibierung nicht nur zu einer
erhohten Genotoxizitdt durch MN-Induktion fiihrte, sondern auch zur
Beeintrachtigung der mitochondrialen Funktion. Obwohl kein Anstieg von ROS nach
PTEN-Inhibierung beobachtet wurde, kdonnte die mitochondriale Dysfunktion zur
metabolischen Imbalance sowie zur Zunahme des Genomschadens fiihren. Dies
konnte insbesondere bei Patienten mit bestimmten PTEN-assoziierten Syndromen
und Krebserkrankungen, die eine defekte PTEN-vermittelte
Tumorsuppressorfunktion, DNA-Reparaturdefekte und kompromittierte antioxidative
Abwehrmechanismen aufweisen, eine wichtige Rolle spielen. Wenn diese Patienten
zusatzlich von Hyperinsulindmie betroffen sind, kénnte eine Akkumulation von

Genomschaden erfolgen und das Risiko zur Krebsentstehung wére erhoht.
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Zusammenfassung

Der Mechanismus der Genomschadensinduktion durch Insulin wurde bisher mit einer
ROS-vermittelten DNA-Oxidation in Verbindung gebracht, aber noch nicht mit der
mitogenen Signalgebung. Bei dieser beschleunigte das mitogene Potential des Insulins
die Zellteilung und verursachte einen leichten replikativen Stress. Der milde
replikative Stress konnte der Kontrolle durch die mitotischen Checkpoint-Proteine
entgehen und zu Chromosomen-Fehlverteilungen und Chromosomenbriichen fihren.
Dieser Effekt wurde in der Krebszelllinie Hela in Form von multipolaren Spindeln und
Mikronuklei beobachtet und es ist nicht klar ob normale Zellen mit effizienterer
Kontrolle dies verhindern kdonnten. Insgesamt kdnnte ein durch hohe Insulinspiegel
vermittelter Schaden im Kontext anderer Komorbiditaten wie etwa PTEN Syndromen,
metabolischem Syndrom oder Adipositas zu einer Akkumulation von DNA-Schaden

fahren.

SchlieBlich zeigte die Analyse von Proben adipdser Patienten eine Zunahme von DNA-
Schaden und oxidativem Stress im Vergleich zu den gesunden Kontrollen. Der Anstieg
des DNA-Schadens war am hochsten in der Untergruppe der Patienten mit
Insulinresistenz. Hoher Insulinspiegel bedeutet somit ein Risiko vom erhdhten
oxidativen Stress und Genomschaden, insbesondere in Kombination mit

Komorbiditaten.

Erschwert wird das Verstandnis dieser multifaktoriellen Zusammenhange durch das
komplexe Zusammenspiel von oxidativem Stress und seiner zellularen Regulation in
vielen physiologischen sowie pathophysiologischen Prozessen. Daneben ist es eine
Herausforderung, Genomschaden bei den geringen Wirkspiegeln hormoneller Effekte
zu detektieren. Weitere Untersuchungen der komplexen Insulin-vermittelten
Genomschadenswege werden notwendig sein, um mogliche Risiken der
Hyperinsulinamie bei Erkrankungen wie Stoffwechselkrankheiten, Diabetes Typ 2 und

Adipositas besser zu charakterisieren.
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Figure 48. Correlation analysis performed in obese patients between:

A) the body weight and the percentage of DNA damage

B) the body mass index (BMI) and the percentage of DNA damage

C) the percentage of glycated hemoglobin (HbA1c) levels in the blood and the DNA damage
D) the body weight and body mass index (BM|).

The number of subjects tested is 27. Statistical test information given below in Table 3.

Number of  Correlation Remarks P-value
subjects coefficient
Weight [kg] vs DNA n=27 -0.447 negative 0.0193  *
damage correlation
BMI vs DNA damage n=27 -0.594 negative 0.0011 *
correlation
HbAlc vs DNA damage n=27 -0.110 negative 0.5850
correlation
BMI vs HbAlc n=27 0.010 no correlation 0.9597
Weight [kg] vs BMI n=27 0.773 positive 0.0000  *
correlation

Table 4. Correlation analysis performed between the physiological characteristics and the DNA

damage levels among the obese patients used in the human study.

The number of subjects used is 27. * Statistically significant correlation with p<.05
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