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SAMENVATTING
Cardiovasculaire aandoeningen zijn de meest voorkomende doodsoorzaak wereldwijd en worden voor
een groot deel veroorzaakt door atherosclerose. Cardiovasculaire risicofactoren kunnen opgedeeld
worden in twee categorieën, namelijk gedragsgerelateerde risicofactoren zoals roken en gebrek aan
lichaamsbeweging en algemene risicofactoren zoals leeftijd en etniciteit. Recente epidemiologische
studies hebben aangetoond dat ook blootstelling aan ioniserende straling een risicofactor is voor de
ontwikkeling van cardiovasculaire aandoeningen. Endotheelcellen, die de binnenkant van bloedvaten
bekleden, worden hierbij beschouwd als een belangrijk doelwit voor ioniserende straling. De door
straling geïnduceerde endotheliale dysfunctie, apoptose en senescentie kunnen leiden tot
atherosclerose en uiteindelijk tot cardiovasculaire aandoeningen. In deze thesis werd er gefocust op
stralingsgeïnduceerde senescentie in endotheelcellen en hun rol in de ontwikkeling van
cardiovasculaire aandoeningen. Onze hypothese stelt dat ioniserende straling een senescent fenotype
induceert in endotheelcellen, wat mogelijk beïnvloed kan worden door behandelingen met
verschillende chemische stoffen.
Ten eerste werden drie verschillende testen uitgevoerd om senescentie vast te stellen in bestraalde
primaire humane coronaire arterie endotheelcellen (HCAEC). De senescentie-geassocieerde galactosidase test die gebruik maakt van 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal) als
substraat, wordt beschouwd als de gouden standaard. Deze standaard test werd vergeleken met de
chlorophenol rood β-D-galactopyranoside (CPRG) en 4-methylumbelliferyl-β-D-galactopyranoside
(MUG) testen die een grotere verwerkingscapaciteit hebben. Er werd met alle drie de testen een
hogere senescentie-geassocieerde -galactosidase activiteit vastgesteld in 10 Gy bestraalde HCAEC op
dag 6 na bestraling. De resultaten van de drie testen waren consistent, wat aantoont dat de CPRG en
de MUG test goede alternatieven zijn voor de gouden standaard. Hierna werden de effecten van
rosiglitazone, ascorbinezuur, insuline-achtige groeifactor-1 (IGF-1), hydrocortisone en atorvastatine op
stralingsgeïnduceerde senescentie in HCAEC verder onderzocht met behulp van de CPRG en MUG
testen. Behandeling met IGF-1 en hydrocortisone induceerde een hogere senescentie-geassocieerde
-galactosidase activiteit na 72 uur incubatie (zonder bestraling). Op dag 7 na bestraling met een dosis
van 2 Gy was er een stijging te zien in de senescentie-geassocieerde -galactosidase activiteit in de
bestraalde onbehandelde HCAEC. Ook was er een significante stijging in senescentie-geassocieerde galactosidase activiteit in de rosiglitazone, IGF-1 en hydrocortisone-behandelde HCAEC vergeleken
met de onbehandelde controles. Tot slot werd het effect van hydrocortisone behandeling op het
stralingsgeïnduceerde senescente fenotype in HCAEC verder onderzocht door analyse van de
eiwitexpressie en lokalisatie van p21, de stikstofoxide productie en de celgrootte. Western blot analyse
toonde aan dat bestraling leidde tot verhoogde p21 hoeveelheden en behandeling met hydrocortisone
resulteerde in een verlaging hiervan. De productie van stikstofoxide wordt verlaagd door
hydrocortisone behandeling maar wordt niet beïnvloed of stijgt slechts licht door bestraling.
Immunocytochemische kleuringen toonden aan dat er een significante stijging was in celgrootte,
senescentie-geassocieerde -galactosidase activiteit en p21 eiwitexpressie in de nuclei op dag 7 na
bestraling.
Ioniserende straling kan dus gekoppeld worden aan vroegtijdige senescentie in endotheelcellen,
hetgeen kan leiden tot atherosclerose. Er is echter meer onderzoek nodig om de onderliggende
mechanismen te ontrafelen en om deze data aan te vullen met bewijs van andere senescentiemerkers.
We hebben aangetoond dat behandeling met verschillende chemische stoffen stralingsgeïnduceerde
senescentie in endotheelcellen kan beïnvloeden. Om de effecten van deze chemische stoffen op
stralingsgeïnduceerde senescentie volledig te begrijpen en na te gaan of ze radioprotectief zijn,
moeten ze verder bestudeerd worden in toekomstig in vitro en in vivo onderzoek. Het vinden van een
chemische stof die bescherming biedt tegen stralingsgeïnduceerde senescentie in endotheelcellen zou
het onderzoek naar radioprotectieve geneesmiddelen kunnen bevorderen.
IX

ABSTRACT
Cardiovascular disease is the most common cause of death worldwide and is in most cases the result
of atherosclerosis. Risk factors for cardiovascular disease include behavioral factors, like smoking and
physical inactivity, as well as non-modifiable factors like age and ethnicity. More recently, exposure to
ionizing radiation was also identified as a risk factor for the development of cardiovascular disease
based on epidemiological studies. Endothelial cells, lining the inner surface of the blood vessels, are
believed to be the primary target of ionizing radiation-induced cardiovascular disease. Dysfunction,
apoptosis and senescence of endothelial cells induced by ionizing radiation can trigger the process of
atherosclerosis and eventually lead to cardiovascular disease. This thesis focusses on radiation-induced
endothelial senescence and its role in cardiovascular disease. We hypothesized that ionizing radiation
induces a senescent phenotype in endothelial cells, which could be modulated by treatment with
various compounds.
First, three different assays were performed to detect senescence in irradiated primary human
coronary artery endothelial cells (HCAECs). The senescence-associated -galactosidase assay that uses
5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal) as substrate is considered as the golden
standard. This assay was compared with the chlorophenol red β-D-galactopyranoside (CPRG) and 4methylumbelliferyl-β-D-galactopyranoside (MUG) assays, which are high throughput alternatives for
the standard assay. Higher senescence-associated -galactosidase activity was observed in 10 Gy
irradiated HCAECs at day 6 post-irradiation with all three assays. The results were consistent for all
three assays, indicating that the CPRG and MUG assays are good alternatives for the golden standard.
Next, the effects of rosiglitazone, ascorbic acid, insulin growth factor-1 (IGF-1), hydrocortisone and
atorvastatin treatment on radiation-induced senescence in HCAECs was analyzed using the CPRG and
MUG assays. Treatment with IGF-1 and hydrocortisone induced higher senescence-associated galactosidase activity after 72 hours. Irradiation with a dose of 2 Gy induced an increase in senescenceassociated -galactosidase activity in the untreated HCAECs at day 7 post-irradiation. Additionally,
there was a significant increase in senescence-associated -galactosidase activity in the rosiglitazone,
IGF-1 and hydrocortisone-treated HCAECs compared to the untreated controls. Lastly, the effect of
hydrocortisone treatment on the radiation-induced senescent phenotype of HCAECs was further
investigated by analyzing p21 protein expression, nitric oxide production as well as cell size and p21
protein localization. Western blot analysis showed increased p21 expression induced by ionizing
radiation and decreased expression by hydrocortisone treatment. The nitric oxide production was
reduced by hydrocortisone treatment but unaffected or slightly increased by irradiation.
Immunocytochemical staining showed increased cell size, senescence-associated -galactosidase
activity and p21 protein expression in the nucleus on day 7 post-irradiation.
Thus, our data suggest that ionizing radiation induces premature senescence in endothelial cells, which
may trigger atherosclerosis. However, further research is necessary to elucidate the underlying
mechanisms and to complement these data with additional evidence from other senescence markers.
We showed that treatment with various compounds can modulate radiation-induced senescence in
endothelial cells. These compounds could be the subject of future in vitro and in vivo research to fully
understand their effects on radiation-induced senescence and to reveal their potential radioprotective
character. Finding a compound that could protect against radiation-induced senescence of endothelial
cells might benefit the research on radioprotective drugs.
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INTRODUCTION

Cardiovascular disease (CVD) is the most common cause of death worldwide, accounting for 17.5
million deaths in 2012. 80% of the CVD mortality is due to coronary artery disease (42%) or stroke
(38%) (Table S1), which are both caused by atherosclerosis. A lot of CVDs are the result of an unhealthy
lifestyle and consequently could be prevented. Risk factors for CVD include unhealthy diet, smoking,
excessive alcohol consumption and physical inactivity. These behavioral risk factors can lead to
hypertension, high blood glucose levels, obesity and hypercholesterolemia, all increasing the
cardiovascular risk (WHO, 2016a). However, CVDs are not always preventable because there are also
risk factors that cannot be modified like family history, ethnicity, age,… (World Heart Federation,
2017). More recently, it was established that exposure to ionizing radiation is also a risk factor for the
development of CVD. Because the use of medical procedures utilizing ionizing radiation is increasing
rapidly, this risk factor has become a considerable concern for society (Reviewed in Adams et al., 2003;
Reviewed in Little et al., 2008).

1.1 IONIZING RADIATION : A RISK FACTOR FOR CARDIOVASCULAR DISEASE
In the past, the heart was considered to be relatively resistant against damage induced by ionizing
radiation. However, several epidemiological studies have been performed on populations who have
been exposed to ionizing radiation due to nuclear accidents, occupation, diagnostics or radiotherapy.
These studies have demonstrated that exposure to doses of ionizing radiation > 0.5 Gy is associated
with the development of CVD, in contrary to the previous beliefs. For doses below 0.5 Gy, data are
suggestive rather than persuasive due to the lack of statistical power and the presence of data
confounders (Reviewed in Adams et al., 2003; Reviewed in Little et al., 2008; Lowe and Raj, 2014;
Shimizu et al., 2010).
1.1.1 Ionizing radiation
Radiation is defined as energy travelling through space. There are two types of radiation: non-ionizing
radiation which carries low energy, for example sunlight or radiowaves, and ionizing radiation (World
Nuclear Association, 2016). Ionizing radiation is a type of radiation that carries enough energy to ionize
atoms. It consists of high energy electromagnetic waves (e.g. γ-rays, X-rays) or energetic particles (e.g.
α-particles, β-particles) moving at high speed. Ionizing radiation has been and still is extensively used
in the industry as well as in the medical field. Examples of applications are sterilization of
pharmaceuticals and food products, diagnostic tests and cancer therapy (Mehta, 2005). In addition,
individuals are constantly exposed to ionizing radiation because of the natural background radiation,
for example from cosmic rays or radioactive radon gas (Biddle, 2012).
Gamma- and X-ray radiation are both types of electromagnetic radiation and consist of short
wavelength waves with high energy. The only difference between them is their origin. Gamma-rays
originate from the nucleus, while X-rays derive from electrons in the outer shell of atoms (Mehta,
2005). X-rays can be generated using an X-ray tube by collision of accelerated electrons with metal
atoms. During this process, the electron is slowed down or deflected when passing a nucleus of the
metal atoms, thereby losing energy emitted as X-rays (the so-called ‘bremsstrahlung’). Alternatively, it
can eject an electron from the inner shell of the metal atom. A higher energy electron from the outer
shell will replace the ejected electron with the concomitant emission of X-rays, called characteristic Xrays (Zink, 1997). Gamma-rays can emerge from radioisotopes, which are atoms with unstable nuclei.
Radioisotopes will try to reach stability by either emitting a α- or β-particle or by absorbing an electron
in the nucleus followed by the emission of γ-rays. This characteristic of radioisotopes is called
radioactivity. The resulting nucleus can be a stable isotope of another element but more frequently,
the nucleus is in an excited state. When this is the case, it needs to lose energy in order to reach its
stable state, which is the process of radioactive disintegration (Mehta, 2005). Because of their high
energy, γ- and X-rays can deeply penetrate materials and consequently can also pass through the
1

human body. This can cause damage directly by interaction of the rays with biomolecules like DNA,
proteins or lipids (Figure 1a). However, damage can also be induced indirectly when the rays interact
with water molecules in the cells and induce the production of reactive oxygen species (ROS), for
example hydroxyl radicals (OH•) (Figure 1b) (Brenner and Hall, 2007; Murphy, 2009).

Figure 1: Direct and indirect mechanisms of radiation-induced DNA damage (Adapted from OpenStax Biology, 2016).

The unit of radioactivity is Becquerel (Bq). 1 Bq is defined as the occurrence of 1 disintegration per
second within the source. However, when looking at biological effects, it is important to know the
amount of radiation that is absorbed by the body and which could possibly cause damage. The
absorbed dose is defined as the amount of energy, coming from any type of ionizing radiation, that is
absorbed per unit mass of material. The international unit for absorbed dose is Gray (Gy). 1 Gy
represents the absorption of 1 Joule of energy in 1 kilogram of mass (1 J/kg). To measure the biological
effect, the type of radiation should also be taken into account because some types of radiation cause
more harm than other types. An absorbed dose of α-radiation is for example much more harmful than
the same absorbed dose of γ-radiation. The equivalent dose comprises the absorbed dose as well as
the type of radiation and is measured in Sievert (Sv) (Biddle, 2012; WHO, 2016b). It is calculated by
multiplying the absorbed dose with the appropriate radiation weighting factor (WR). For X- and γ-rays
this factor is 1, as a result 1 Gy is equivalent to 1 Sv (Figure S1). For higher energy types of radiation
the weighting factors are higher, for example for α particles the WR is 20. Lastly, different organs and
tissues have varying sensitivity to ionizing radiation. The effective dose includes these differences and
represents the health risk for the entire body. It is defined as the sum of the equivalent doses for each
tissue or organ multiplied by their tissue weighting factor (WT) (NEA OECD, 2011). For the heart, the
tissue weighting factor is 0.12 (ICRP, 2007). Examples of effective doses associated with different
sources of ionizing radiation are presented in Table 1.
Table 1: The effective doses (mSv) associated with different sources of ionizing radiation (Biddle, 2012; Fazel et al., 2009;
Radiological Society of North America, 2016; UNSCEAR, 2000).

Source

Dental X-ray
Intercontinental flight per hour
(depending on altitude)
Chest X-ray
Mammography
Computed tomography (CT) of the chest
Coronary CT angiography

Effective dose (mSv)

0.005
0.001-0.01

Time equivalent of exposure to
natural background radiation
(2.4 mSv/year)
1 day
4 hours - 1.5 days

0.1
0.4
7
12

12 days
8 weeks
2.5 years
5 years

2

With regard to the dose of radiation, a distinction can be made between low, moderate and high doses.
Based on epidemiological studies on CVDs, dose ranges are defined as follows: < 0.5 Gy is considered
a low dose, 0.5 Gy to 5 Gy is a moderate dose and doses > 5 Gy are high doses (Little et al., 2008;
Shimizu et al., 2010).
1.1.2 Epidemiological evidence
The first epidemiological evidence indicating an increased risk of CVD was reported in the 1960s in
patients treated for Hodgkin’s disease (Fajardo and Stewart, 1970). It was observed that treatment
with mediastinal radiotherapy led to a higher risk of coronary artery disease and myocardial infarction.
Additionally, there was a higher risk of mortality observed from these cardiac events. The risk increased
with time after exposure, which is in accordance with the slow progression of ionizing radiationinduced CVD that can take years or decades to develop (Figure 2A) (Boivin et al., 1992; Hull et al., 2003;
Reinders et al., 1999).

A

C

B

D

Figure 2: Increase in risk of cardiovascular diseases after exposure to ionizing radiation. A) Study performed on 258
patients with Hodgkin’s disease, treated with radiotherapy who received a mean total X-ray dose of 36.6 Gy. Elevated
risks of ischemic events (6.4% at 10 years to 21.2% at 20-25 years), myocardial infarction (3.4% at 10 years to 14.2% at
20-25 years) and ischemic cardiac mortality (2.6% at 10 years to 10.2% at 25 years) were observed (Reinders et al., 1999).
B) Study performed on 963 women treated with radiotherapy for breast cancer who received a mean total dose of 4.9 Gy
to the heart. The rate of major coronary events is increased with 7.4% per Gy, without an apparent threshold (Darby et
al., 2013). C) Study on 86,611 Hiroshima and Nagasaki atomic bomb survivors with an estimated radiation dose between
0 and 4 Gy. An excess relative risk for death from heart disease of 14% per Gy was estimated. The linear model suggests
risks even at low doses (Shimizu et al., 2010). D) Study on 12210 Mayak workers who received a mean total γ-ray dose of
0.78 Gy. The incidence of ischemic heart disease is increased with an excess relative risk of 0.109 per Gy (Azizova et al.,
2010).
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In 2007, a study on the Dutch Late Effects Breast Cancer Cohort (4,414 10-year survivors treated
between 1970 and 1986) showed an elevated risk of myocardial infarction, angina pectoris and
congestive heart failure in women who were treated with radiotherapy. Furthermore, the risk
increased with time after exposure and was slightly higher, but remarkably not significant, for patients
with left-sided breast cancer (Hooning et al., 2007). A more recent study was performed by Darby et
al. on breast cancer patients treated with radiotherapy between 1958 and 2001 in Sweden and
Denmark. They found that the rate of ischemic heart disease increased by 7.4% per Gy increase of the
mean dose to the heart, without an apparent threshold (Figure 2B). Additionally, they found
significantly higher rates of ischemic heart disease in women irradiated for left-sided breast cancer as
compared to patients who received radiotherapy for right-sided breast cancer. This observation is in
accordance with the higher estimated mean dose to the heart of 6.6 Gy for women with left-sided
breast cancer compared to an estimated mean dose of 2.9 Gy for women with right-sided breast cancer
(Darby et al., 2013).
The Life Span Study cohort is a population consisting of 86611 Hiroshima and Nagasaki atomic bomb
survivors. The doses for the individuals included in this cohort were estimated based on the location
and shielding at the time of the bombings. In this cohort, an elevated risk of CVD after exposure to a
low dose of ionizing radiation was observed. The excess relative risk for stroke was estimated at 9%
per Gy and at 14% per Gy for all heart diseases. A dose as low as 0.5 Gy already implicated an elevated
risk, although the results were not significant for doses below 0.5 Gy (Figure 2C) (Shimizu et al., 2010).
Another interesting population that can be used to study low dose radiation effects are the workers in
the nuclear industry because they represent relatively large cohorts exposed to low levels of radiation
and their radiation doses are well documented. In 2007, Vrijheid et al. performed a large-scale study
on a 15-country nuclear workers cohort including 275,312 individuals exposed to an average
cumulative dose of 20 mSv. In this study, there was an overall increasing trend of circulatory disease
mortality, although not significant (Vrijheid et al., 2007). However, several other studies on nuclear
worker cohorts did find a significant correlation between exposure to low doses of radiation and the
risk of CVDs and mortality. For example, a study was performed on a cohort of 12,210 Mayak workers
who received a mean total dose of 0.78 Gy (Azizova et al., 2010). The Mayak Production Association,
producing plutonium-238 and tritium, was one of the largest nuclear facilities in Russia (Standring,
2006). In the Mayak worker cohort, a significant increase in ischemic heart disease incidence was
observed with an excess relative risk of 0.109 per Gy (Figure 2D) (Azizova et al., 2010). Also, a mortality
study using the records of the National Dose Registry of Canada showed an increased risk of CVD
mortality after occupational exposure to ionizing radiation. The estimated excess relative risk per 10
mSv of ionizing radiation exposure was 2.3% for males and 12.1% for females (Ashmore et al., 1998).
In 2000, Ivanov et al. performed a study on 68,309 Chernobyl liquidators of which the majority were
exposed to ionizing radiation doses ranging from 0 to 200 mGy. They observed a significant increase
in the incidence rate of circulatory diseases in relation to the radiation dose. Excess relative risks of
0.23 and 0.29 per Gy were identified for respectively the development of CVD and incidence of acute
myocardial infarction (Ivanov et al., 2000).
Because of the evidence mentioned above, an association between low doses (< 0.5 Gy) of ionizing
radiation and excess risk of developing CVD is implied. However, these epidemiological studies should
be interpreted with caution because other cardiovascular risk factors like age, smoking, hypertension
and obesity (Glanzmann et al., 1998; Vrijheid et al., 2007) are all confounding factors that need to be
corrected for, which is not always the case. In occupational exposure studies, the healthy worker
survivor effect is another phenomenon that can introduce bias by masking the harmful effects of
occupational exposure. Generally, the actively employed population has a lower mortality rate than
the general population since severely ill and chronically disabled people are excluded from
employment. Additionally, unhealthy workers are more likely to reduce their occupational exposure
in contrast to the healthy workers who accumulate more exposure. Therefore, the healthy worker
survivor effect poses a problem when studying occupational cohorts (Baillargeon, 2001; Picciotto et
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al., 2013; Shah, 2009). Furthermore, extremely large sample sizes are necessary to determine the risks
of low doses of ionizing radiation with sufficient statistical precision and power. For example, to
quantify the excess risk of a 10 mSv dose a cohort of approximately 5 million individuals is required, if
the excess risk is proportional to the dose (Brenner et al., 2003). As a consequence, radiobiological
research is necessary to complement these epidemiological data with experimental evidence.

1.2 RADIATION-INDUCED CARDIOVASCULAR DISEASE
Radiotherapy has become one of the key elements in the treatment of cancer. It is estimated that 50%
of the cancer patients are treated with radiotherapy. The prognosis of cancer patients was significantly
improved by radiotherapy leading to an increased number of cancer survivors (Rodríguez, 2015; Yusuf
et al., 2011). However, late cardiovascular complications are often observed in these cancer survivors.
The cumulative incidence of radiation-associated cardiotoxicity 5 to 10 years after radiotherapy is
estimated to be 10 to 30% (Yusuf et al., 2011). The last decades, radiotherapy techniques improved,
lowering the exposure of the heart to ionizing radiation. Nevertheless, the risk of late cardiovascular
effects after radiotherapy remains as the heart and its vessels still receive an incidental dose
(Rodríguez, 2015; Yusuf et al., 2011).
1.2.1 Atherosclerosis is the main cause of cardiovascular disease
The main cause of CVD worldwide is atherosclerosis, which can lead to ischemic heart disease, heart
attack and stroke. Major risk factors for the development of atherosclerosis are for instance high blood
pressure and high blood cholesterol, which can be caused by an unhealthy lifestyle including smoking,
a lack of exercise and a bad diet (Herrington et al., 2016). Atherosclerosis is characterized by the
formation of plaques in the arteries, which is called atherogenesis (Figure 3). The process starts when
qualitative changes occur in the layer of endothelial cells (ECs), that lines the inner surface of the
arteries. When the ECs are exposed to irritative stimuli, for example pro-inflammatory agents, they
will start to express adhesion molecules. These molecules make it possible for leukocytes to adhere to
the EC surface. At the same time the endothelial permeability and composition of the extracellular
matrix will change. This allows cholesterol-containing low-density lipoprotein (LDL) particles to enter
the artery wall. Here, the LDL particles can become oxidized and may form aggregates. Next,
chemoattractants will stimulate the entry of the attached leukocytes into the artery wall. The
monocytes, which are the most abundant leukocyte type in plaques, will differentiate into tissue
macrophages and start to take up the oxidized LDL particles. This will lead to intracellular cholesterol
accumulation and transformation to foam cells. Production of pro-inflammatory agents by these foam
cells will stimulate migration and proliferation of vascular smooth muscle cells (VSMCs). VSMCs
produce extracellular matrix molecules, for example collagen and elastin, which will form a fibrous cap
over the plaque. Accumulation of cellular debris and extracellular lipids underneath the fibrous cap
will form the necrotic core of the plaque. The fibrous cap prevents exposure of the highly
thrombogenic core to the blood. Plaques can lead to different types of clinical manifestations. For
example, the plaque can keep on growing which will lead to a limitation of the blood flow and can
cause tissue ischemia. When there is a disruption of the plaque, thrombi can be formed which can
partially or completely occlude blood vessels leading to a heart attack or a stroke (Bentzon et al., 2014;
Libby et al., 2011).
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Figure 3: Stages in the development of atherosclerotic lesions. a) Composition of a normal artery wall. b) The first steps in
the process of atherosclerosis include adhesion of monocytes (leukocytes) to the endothelium, migration of the monocytes
into the artery wall, differentiation of monocytes into macrophages and take-up of LDL leading to formation of foam cells. c)
VSMCs migrate, proliferate and start to produce extracellular matrix proteins. d) A necrotic core is formed by accumulation of
cellular debris and extracellular lipids. Rupture of the plaque can lead to thrombosis (Libby et al., 2011). (V)SMC: (vascular)
smooth muscle cell, LDL: low-density lipoprotein

1.2.2 Pro-atherosclerotic effects of ionizing radiation
Ionizing radiation can contribute to the process of atherosclerosis in several ways. For example, ECs
can die after interaction with ionizing radiation, thereby stimulating atherogenesis. This can occur
through necrosis or apoptosis due to irreversible radiation damage (Reviewed in González, 1994;
Reviewed in Schultz-Hector and Trott, 2007). Additionally, research has demonstrated that radiation
can increase the expression of EC adhesion molecules like E-selectin, intercellular adhesion molecule
(ICAM)-1 and platelet endothelial cell adhesion molecule (PECAM)-1, which play an important role in
atherogenesis (Reviewed in Schultz-Hector and Trott, 2007). It has also been observed that EC
irradiation leads to upregulation of pro-inflammatory cytokines, especially interleukin (IL)-6 and IL-8
(Baselet et al., 2017; Reviewed in Schultz-Hector and Trott, 2007). Chronic inflammation stimulates the
formation of a vulnerable atherosclerotic plaque. Furthermore, these pro-inflammatory effects can
induce death in ECs, triggering atherogenesis. Besides the pro-inflammatory effects, radiation also has
pro-thrombotic effects caused by an increased release of Von Willebrand factor by endothelial cells
(Verheij et al., 1994). Another effect of ionizing radiation is the induction of mutations, leading to
genomic instability which is associated with the process of atherosclerosis (Reviewed in Schultz-Hector
and Trott, 2007). As already mentioned earlier, radiation can damage DNA directly by ionization or
indirectly through the formation of ROS (Brenner and Hall, 2007). Radiation-induced DNA damage and
ROS production will increase the expression of the cell cycle inhibitor protein p21 and its regulator,
tumor suppressor protein p53. This will activate the p53/p21 pathway, which induces premature
senescence (Rombouts et al., 2014; Yentrapalli et al., 2013a; Yentrapalli et al., 2013b). Dysfunction,
apoptosis and senescence of ECs can eventually trigger the process of atherosclerosis (Busse and
Fleming, 1996; Davignon and Ganz, 2004; Erusalimsky, 2009; Stoneman and Bennett, 2004).
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1.3 RELEVANCE OF ENDOTHELIAL SENESCENCE IN CARDIOVASCULAR DISEASE
As mentioned before, EC senescence can stimulate atherosclerosis causing CVD. Senescence is a
cellular state of irreversible growth arrest and is associated with aging and age-related diseases.
Senescent cells undergo distinctive changes in morphology, acquiring a flattened and enlarged cell
shape. At the molecular level, senescent cells exhibit a specific gene expression pattern. The genes
displaying altered expression include cell cycle regulatory genes, inflammation and stress-associated
genes, cytoskeletal genes and metabolic genes. Senescent cells are permanently arrested in the G0/G1
phase of the cell cycle and are unresponsive to growth factors. However, they are still metabolically
active which, in the case of senescent ECs, results in a pro-inflammatory, pro-atherosclerotic and prothrombotic phenotype and the expression of senescence-associated β-galactosidase activity at pH 6
(Erusalimsky, 2009; Kong et al., 2011; Minamino and Komuro, 2007; Rombouts et al., 2014).
1.3.1 Mechanisms of cellular senescence
Cellular senescence was originally described by Hayflick and Moorhead in the 1960s. They observed
senescence as a state in which cells cease to divide in culture after a certain amount of cell divisions
and termed it ‘replicative senescence’ (Hayflick and Moorhead, 1961). Later on, it was discovered that
telomeres, repetitive DNA sequences at the ends of chromosomes, play an important role in the
induction of replicative senescence. Each cell division results in a gradual loss of telomeric DNA
because conventional DNA polymerases are unable to replicate the very ends of linear chromosomes.
Telomerase is an enzyme that is capable of synthesizing new telomeric repeats but is not expressed in
most human somatic cells. When the telomeres reach a critical length, a DNA damage response will be
triggered. This response will eventually lead to a permanent cell cycle arrest. Shortening of telomeres
is not exclusively linked to the number of cell divisions but can also be influenced by other factors. For
example, telomeres are very sensitive to oxidative damage and consequently, an increase in ROS will
lead to accelerated telomere shortening. Furthermore, it has been observed that nitric oxide (NO) can
delay the shortening of telomeres and the induction of
replicative senescence in ECs (Erusalimsky, 2009;
Foreman and Tang, 2003; Kong et al., 2011; Minamino
and Komuro, 2007). On the other hand, senescence can
also be triggered by a range of stress stimuli
independent of telomere length and number of cell
divisions. Examples are oxidative stress, DNA damage,
inflammation, exposure to ionizing radiation and
activated oncogenes like Rat Sarcoma (Ras). Senescence
induced by one of these stimuli is referred to as ‘stressinduced premature senescence’. Although the trigger is
different, stress-induced premature senescence
strongly resembles replicative senescence, for example
in terms of morphology, expression of cell cycle
regulators and senescence-associated β-galactosidase
activity at pH 6 (Erusalimsky, 2009; Itahana et al., 2001;
Kong et al., 2011; Kuilman et al., 2010; Rombouts et al.,
2014).

Figure 4: Pathways involved in the induction of
senescence (Chen et al., 2006).

Despite the fact that senescence can be induced by
different stimuli, ultimately these senescence-inducing
signals
all
activate
the
p53/p21
and/or
p16/retinoblastoma protein (pRb) pathways (Figure 4).
P53 is a transcriptional regulator that plays a crucial role
in the DNA damage response. The presence of DNA
damage
will
activate
ataxia-telangiectasia
mutated/ataxia–telangiectasia and Rad3 related
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(ATM/ATR) kinases and checkpoint kinase 1 and 2 (Chk1/Chk2), which will phosphorylate p53. This will
lead to stabilization and activation of p53. Overexpression of p14ARF is another event that can lead to
stabilization and activation of p53. P14ARF is a tumor suppressor protein that is upregulated in
senescent cells. It can bind to Mouse double minute 2 (Mdm2), an E3 ubiquitin ligase, which normally
targets p53 for ubiquitylation and degradation by the proteasome. However, binding of p14ARF to
Mdm2 will inhibit its function, leading to stabilization and activation of p53. One of the main target
genes of p53 is the cyclin-dependent kinase inhibitor p21. The expression of p21 has shown to be
upregulated in senescent cells. The increased expression of p21 will lead to inhibition of pRb
phosphorylation, which is necessary for cell cycle progression. Thus, in the end, overexpression of p21
induces a cell cycle arrest. P16 is another cyclin-dependent kinase inhibitor that shows increased
expression in senescent cells. It is hypothesized that p16 is necessary to maintain the senescent cellular
state. Just like p21, overexpression of p16 will cause hypophosphorylation of pRb, leading to cell cycle
arrest (Itahana et al., 2001; Kong et al., 2011; Minamino and Komuro, 2007).
1.3.2 Senescent endothelial cells play a role in cardiovascular disease
The endothelium is the main regulator of vascular homeostasis. It regulates the vascular tone by
maintaining the balance between vasodilation and vasoconstriction. This is accomplished through the
release of vasodilative (e.g. NO), and vasoconstrictive substances (e.g. angiotensin II) by ECs.
Furthermore, the endothelium regulates VSMC proliferation and migration as well as the balance
between thrombogenesis and fibrinolysis. Lastly, the endothelium exerts an anti-inflammatory
function. Hence, a good functioning endothelium is crucial for vascular health. Damage to the
endothelium or endothelial dysfunction, e.g. caused by senescence, will initiate processes that will
stimulate atherosclerosis (Davignon and Ganz, 2004).
It has been demonstrated that senescent ECs are present in atherosclerotic plaques in human coronary
arteries (Minamino et al., 2002). Senescent ECs can contribute to the development of CVDs in several
ways (Figure 5). First of all, the permanent proliferation arrest of senescent ECs may affect the repair
capacity of the endothelium. However, EC senescence is not only characterized by a replication arrest
but also by changes in gene expression, function and morphology. For example, the expression of
proteins associated with cytoskeletal function and cellular architecture is altered in senescent ECs.
Because of these changes, the motility of the ECs is impaired thereby reducing the angiogenic capacity.
Additionally, ECs undergoing senescence overexpress pro-inflammatory proteins like IL-1α and ICAM1 and pro-thrombotic proteins like plasminogen activator inhibitor-1 (PAI-1). Furthermore, it has been
observed that senescent ECs degrade less atherogenic lipoproteins as compared to non-senescent ECs.
The accumulation of atherogenic lipoproteins promotes the formation of atherosclerotic plaques.
There is also evidence from several studies that there are lower levels of endothelial nitric oxide
synthase (eNOS) activity in senescent ECs and that the production of NO is reduced. As a result, the
bioavailability of NO, which is critical for normal endothelial function, will be decreased. In senescent
EC cultures the levels of the important vasodilator prostacyclin were also reduced. In vivo, this
reduction would lead to an imbalance in vascular tone. Lastly, another important player in
atherogenesis and consequently in the development of CVD, is the level of ROS. Senescent ECs produce
more ROS than non-senescent ECs, thereby promoting atherogenesis. All the above mentioned
phenotypic changes will have pathophysiological consequences such as reduced angiogenesis and
vasodilatation, increased vascular inflammation and stimulation of atherogenesis and thrombosis. In
the end, all these effects may lead to the development of CVD (Reviewed in Erusalimsky, 2009).
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Figure 5: Phenotypic changes in senescent endothelial cells and their pathophysiological consequences (Adapted from
Erusalimsky, 2009). NO: nitric oxide, ROS: reactive oxygen species.

1.3.3 Biomarker for the identification of senescent cells
In the past, it was impossible to differentiate between senescent cells and quiescent cells or terminally
differentiated cells, which made research on senescence and its mechanisms very difficult. However,
in 1995 Dimri et al. reported that β-galactosidase (β-gal) activity at a pH of 6 is a biomarker for
senescence in human cells. Non-senescent cells express optimal lysosomal β-gal activity at an acidic
pH of 4 to 4.5 but considerably lower activity at a pH of 6. Therefore, it is only detectable at acidic pH
in proliferating cells and not at pH 6. At the time, it was not clear whether the senescence-associated
β-galactosidase (SA β-gal) activity was of lysosomal origin (Dimri et al., 1995). Later on, in 2006, Lee et
al. demonstrated that the SA β-gal activity is expressed from the galactosidase beta 1 gene, which is
the gene encoding the lysosomal β-gal. Furthermore, they observed that the protein levels of the
lysosomal β-gal increase during senescence. This led to the suggestion that the increase in lysosomal
β-gal activity in senescent cells is sufficient to pass the threshold for detection at pH 6.0. However, the
increase in lysosomal β-gal protein levels is not proportional to the increase in β-gal activity detected
at pH 6.0 in senescent cells. Hence, the high SA β-gal activity in senescent cells is not solely caused by
the increase in protein levels and there must be additional functional differences in senescent
lysosomes or other factors that contribute to the increase in SA β-gal activity (Lee et al., 2006).

1.4 CANDIDATE MODULATORS OF PREMATURE SENESCENCE
1.4.1 IGF-1
Insulin-like growth factor-1 (IGF-1) is a protein that plays a critical role in several cellular processes,
including the regulation of cellular growth and proliferation (Handayaningsih et al., 2012; Takahashi,
2012; Tran et al., 2014). It is produced in response to growth hormone stimulation and secreted in the
blood, mainly by hepatocytes (Takahashi, 2012). Increased IGF-1 signaling is associated with induction
of cell proliferation and survival by activation of the IGF-1 receptor (IGF1R), which leads to upregulation
of the phosphatidylinositol 3-kinase (PI3K)/Akt pathway. However, it is also known that disruption of
IGF-1 signaling can enhance longevity and delay aging processes (Takahashi, 2012; Tran et al., 2014).
IGF binding proteins (IGFBPs) play an important role in IGF signaling by modulation of IGF
bioavailability. IGFBPs belong to a family of proteins that bind IGF-1 and IGF-2 with high affinity.
Binding of IGF-1 to IGFBPs limits the binding to the IGF1R, thereby inhibiting IGF-1 action (Reviewed in
Baxter, 2000; Kim et al., 2007). However, there is also evidence of a potentiation effect on IGF activity
exerted by binding of IGF to IGFBP1, 3 and 5 although the involved mechanisms are still unknown
(Reviewed in Baxter, 2000).
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Recently, Tran et al. demonstrated that IGF-1 can promote cell proliferation as well as cellular
senescence, revealing a dual function for IGF-1. They showed that acute IGF-1 signaling stimulates cell
proliferation, which can be counteracted by p53. On the other hand, prolonged IGF-1 exposure can
induce premature senescence in a p53-dependent way. Previously, it has been reported that
deacetylase sirtuin 1 (SIRT1) plays an important role in cellular senescence and that SIRT1 can
deacetylate and inactivate p53. Now, there is evidence that prolonged IGF-1 treatment inhibits SIRT1
activity, leading to increased p53 acetylation and thereby stabilization and activation of p53. This will
ultimately result in the induction of premature senescence (Tran et al., 2014).
Enhancement of cellular senescence by IGF-1 was also reported by Handayaningsih et al. They also
showed that the expression of p53 and p21, which are both associated with senescence, was increased
by IGF-1 stimulation. Therefore, they suggested that the induction of premature senescence by IGF-1
is p53-dependent, consistent with the findings of Tran and colleagues. Additionally, they found that
ROS play a role in the induction of senescence by IGF-1 (Handayaningsih et al., 2012).
There is also evidence that the IGFBPs are involved in premature senescence. It has been reported that
the expression of IGFBP3 and 5 is increased in senescent ECs (Hampel et al., 2006). Kim et al. showed
that IGFBP5 can accelerate senescence in young human umbilical vein endothelial cells (HUVECs)
through a p53-dependent mechanism. Also, immunohistochemical staining revealed that
atherosclerotic plaques are strongly positive for IGFBP5 (Kim et al., 2007). Moreover, the expression
of IGFBP5 was shown to be upregulated in irradiated HUVECs from week 3 onwards after irradiation.
This increase in expression could be related to inactivation of the PI3K/Akt/mammalian target of
rapamycin (mTOR) pathway. It is suggested that the inactivation of this pathway is involved in the
induction of premature senescence in ECs after irradiation (Rombouts et al., 2014; Yentrapalli et al.,
2013b). Lastly, increased SA β-gal activity and secretion of IGFBP7 has been reported in irradiated
telomerase-immortalized coronary artery endothelial cells (TICAE) on day 14 after irradiation (Baselet
et al., 2017).
The evidence mentioned above is summarized in Figure 6 and suggests a role for IGF-1 and its binding
proteins in premature senescence. Therefore, it would be interesting to further elucidate whether IGF1 also has an effect on the process of radiation-induced premature senescence.

Figure 6: Summary of the effects induced by insulin-like growth factor-1 signaling. IGF-1: insulin-like growth factor-1, IGFBP:
insulin-like growth factor binding protein, mTOR: mammalian target of rapamycin, PI3K: phosphatidylinositol 3-kinase, ROS:
reactive oxygen species, SIRT 1: sirtuin 1.
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1.4.2 Statins
Statins are drugs that are used to manage and prevent CVDs and are one of the most prescribed drugs
worldwide. Statins bind to 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA) reductase, an enzyme
from the mevalonate pathway. The binding will inhibit this pathway and consequently stop the
biosynthesis of cholesterol and isoprenoids like geranylgeranyl pyrophosphate and farnesyl
pyrophosphate. These isoprenoids are used for the process of isoprenylation, which is the attachment
of lipids to several cell signaling proteins. This process is essential for the activation and intracellular
transport of the signaling proteins. Acting as molecular switches, the signaling proteins control
different pathways and cell functions like motility, differentiation and proliferation. This indicates that
statins also have other effects besides the lowering of cholesterol levels, which are called pleiotropic
effects. These effects include for example improvement of endothelial function and stabilization of
atherosclerotic plaques (Gazzerro et al., 2012). Furthermore, there is evidence that statins have a
radioprotective effect. They can reduce ionizing radiation-induced expression of pro-inflammatory and
pro-fibrotic cytokines in vivo in 6 Gy irradiated mice (Reviewed in Fritz et al., 2011; Ostrau et al., 2009).
Futhermore, it was observed that lovastatin can prevent radiation-induced apoptosis of HUVECs after
-irradiation with a dose of 10 Gy, possibly by inhibition of pro-apoptotic mechanisms regulated by p53
(Nubel et al., 2006).
Atorvastatin is one of the most popular types of statins (Roland, 2015). It is a lipophilic component
which enables it to enter cells by passive diffusion. Additionally, it is an open acid statin, which is the
active form of statins. This means that it doesn’t have to be hydrolyzed in the body before becoming
active. Compared to other statins like lovastatin, pravastatin and simvastatin, atorvastatin has a long
half-life of 11 to 30 hours (Gazzerro et al., 2012). A normal dose of atorvastatin is 40 mg per day, but
it can be increased to a dose of 80 mg per day. These doses are consistent with plasma concentrations
of 20-30 ng/ml and 40-70 ng/ml, respectively (Gazzerro et al., 2012; Lins et al., 2003; Roland, 2015).
As already known, statins can be used to prevent or manage CVDs. Atorvastatin can act through
different mechanisms to achieve this. First of all, high cholesterol levels are a major risk factor for CVD.
Atorvastatin is capable of lowering these levels, thereby reducing the risk of CVD. Furthermore, it has
been observed that atorvastatin reduces the expression of adhesion molecules, like ICAM-1 and
vascular cell adhesion molecule (VCAM)-1, on ECs. This will result in reduced infiltration of leukocytes
into the vascular wall during the process of atherogenesis. Additionally, atorvastatin can reduce
inflammation by inhibition of pro-inflammatory cytokine production. Wang et al. showed for example
that atorvastatin significantly reduced the expression of IL-6, IL-1, transforming growth factor-β (TGFβ) and some other cytokines and chemokines. Atorvastatin can also reduce endothelial dysfunction by
increasing the NO availability and preventing the formation of ROS. Furthermore, Schmidt-Lucke et al.
found that atorvastatin can inhibit apoptosis of ECs (Reviewed in Gazzerro et al., 2012).
Aside from the mechanisms discussed above, atorvastatin can also influence the development of CVDs
by prevention of EC senescence. Previous research has shown that atorvastatin can regulate the
expression of various cell cycle regulatory proteins, including p27, via the PI3K pathway in endothelial
progenitor cells. It is suggested that reduced expression of the cell cycle inhibitory protein p27 and an
increase in cell cycle promoting proteins might prevent the onset of replicative senescence (Assmus et
al., 2003). Also, it has been demonstrated that atorvastatin increases the phosphorylation of Akt in
ECs, which leads to activation of the PI3K/Akt pathway. This activation induces increased eNOS
expression and ultimately increases the expression of the longevity gene, SIRT1. Further research
showed that eNOS and SIRT1 closely interact to inhibit senescence in ECs (Ota et al., 2010). All the
effects induced by atorvastatin are summarized in Figure 7. However, the effect of atorvastatin on
radiation-induced senescence in ECs still needs to be further elucidated.
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Figure 7: Summary of the effects induced by atorvastatin. eNOS: endothelial nitric oxide synthase, NO: nitric oxide, PI3K:
phosphatidylinositol 3-kinase, ROS: reactive oxygen species, SIRT 1: sirtuin 1.

1.4.3 Ascorbic acid
Ascorbic acid (ASC) is a naturally occurring organic compound with antioxidant characteristics. It is one
of the many forms, so-called vitamers, of vitamin C. Humans are not capable of synthesizing vitamin
C, therefore it must be provided by the diet (Montecinos et al., 2007). However, due to its water
solubility and sensitivity to oxygen, it can be partially destroyed during food processing. A deficiency
of vitamin C can for instance cause microcytic anemia and ultimately, in case of a serious deficiency,
to scurvy (José Luis Silencio Barrita, 2013).
ASC plays several important roles in the body. First of all, it is a cofactor for several enzymes. For
example, it is necessary for the synthesis of collagen, which is present in several connective tissues in
the body like bone, cartilage, blood vessels and heart valves. Additionally, ASC is required for the
synthesis of hormones, e.g. oxytocin, and neurotransmitters like dopamine. It is also involved in the
metabolism of amino acids and other vitamins. However, ASC is mainly known and used for its
antioxidant features. It can significantly decrease the adverse effects of ROS by donating an electron,
thereby reducing them. ASC can also act as a co-antioxidant by regeneration of the antioxidant alpha
tocopherol (vitamin E) (José Luis Silencio Barrita, 2013; Naidu, 2003).
ASC can also play a role in the development and maintenance of CVDs. Epidemiological studies have
indicated that ASC can reduce the incidence of mortality from heart diseases and stroke. However, the
evidence for a possible protective effect on CVD is inconclusive (José Luis Silencio Barrita, 2013; Naidu,
2003). Additionally, it is involved in the catabolism of cholesterol in the liver and prevents
hypercholesterolemia. Furthermore, its antioxidant characteristics prevent lipid peroxidation and
oxidation of LDL, which are associated with the formation of atherosclerotic plaques. In vivo studies
have also shown that ASC can inhibit leukocyte-endothelial cell interactions, which is also an important
step in atherogenesis (Naidu, 2003).
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Antioxidants in general can reduce the formation of intracellular ROS, thereby delaying senescence in
endothelial cells (Haendeler et al., 2004). A more recent study showed that the delayed increase in
ROS after irradiation with an X-ray dose of 0.5 to 4 Gy can be suppressed by treatment with ASC, which
led to reduced induction of senescence in mammalian fibroblast cells (Kobashigawa et al., 2015). This
leads to the hypothesis that AA may have an effect on radiation-induced senescence in endothelial
cells.
1.4.4 Hydrocortisone
Hydrocortisone, also named cortisol, is a hormone belonging to the family of corticosteroids, more
specifically to the subclass of glucocorticoids. In the body, glucocorticoids mainly play a role in the
regulation of metabolic processes. However, they can also exert effects on for example the
cardiovascular and the immune system. Hydrocortisone induces these effects by activating the
glucocorticoid receptor (GR) in target tissues, leading to an alteration in the expression of
corticosteroid-responsive genes. Today, corticosteroids are most commonly used as an antiinflammatory drug (Spoelhof and Ray, 2014).
The anti-inflammatory function of hydrocortisone can have implications in the process of
atherosclerosis. One of the anti-inflammatory mechanisms of hydrocortisone and other
corticosteroids, is the modulation of leukocyte-adhesion to the vascular endothelium. Cronstein et al.
showed that cortisol can inhibit the expression of adhesion molecules, for example ICAM-1. This
prevents the recruitment and infiltration of leukocytes into the vascular wall, which is a key step in the
development of atherosclerotic plaques (Cronstein et al., 1992; Libby et al., 2011).
Besides the anti-inflammatory function of hydrocortisone, there are several reports that illustrate the
effect of hydrocortisone on cell proliferation and lifespan. For example, there is evidence that addition
of hydrocortisone to the culture medium increases the proliferation and replicative lifespan of human
fetal lung fibroblasts (Ban et al., 1980; Cristofalo and Rosner, 1979; Kondo et al., 1983). These
observations implicate that hydrocortisone is capable of modulating the transition of cells to a less
actively proliferating state. This hypothesis is also supported by the observation that hydrocortisone
treatment delays the lengthening of the G1 phase, which is a normal phenomenon in ageing cells.
Additionally, hydrocortisone can stimulate entry into the S phase and can initiate DNA synthesis in cells
that would normally not initiate DNA synthesis (Cristofalo and Rosner, 1979; Phillips et al., 1982).
Because hydrocortisone has an effect on the proliferation capacity and can delay the onset and rate of
senescent changes in human fetal lung fibroblasts (Cristofalo et al., 1985), it would also be interesting
to check whether hydrocortisone has an effect on radiation-induced senescence in ECs.
1.4.5 Rosiglitazone
Rosiglitazone (Avandia®; GlaxoSmithKline) is a drug that belongs to the class of thiazolidinediones
(TZD). It is used for the treatment of type 2 diabetes because it lowers the blood glucose levels by
increasing insulin sensitivity. This effect is achieved by TZD acting as agonists for the peroxisomeproliferator-activated receptor gamma (PPAR-γ). The PPAR-γ receptor is a ligand-activated nuclear
transcription factor that modulates the expression of genes involved in glucose and insulin
homeostasis, lipid metabolism and cellular differentiation (Lombardi et al., 2008; Nissen and Wolski,
2007). Although rosiglitazone has the ability to efficiently reduce blood glucose levels in type 2
diabetes, it was withdrawn from the European market in 2010 because of its adverse effects on the
heart (European Medicines Agency, 2016). Several studies indicated that rosiglitazone significantly
increases the risk of heart failure and myocardial infarction but despite the increase in cardiovascular
morbidity, the risk of cardiovascular mortality is not increased (Home et al., 2009; Nissen and Wolski,
2007; Singh et al., 2007). This led to the withdrawal by the European Medicines Agency because the
benefits of the drug did not outweigh the risks anymore. On the contrary, rosiglitazone is still available
on the market in the USA. The FDA restricted the use of rosiglitazone in 2010 and started an
investigation on the cardiovascular risks of the drug. In 2013, the restrictions were abrogated because

13

research showed no increased risk of heart attack after treatment with rosiglitazone compared to the
standard type 2 diabetes medicines metformin and sulfonylurea (FDA, 2015).
Even though there are reports that rosiglitazone can increase the risk of heart failure and myocardial
infarction, there is also evidence that rosiglitazone can have a positive effect and prevent the
development of CVDs. For example, the levels of C-reactive protein, matrix metalloprotease-9 and
white blood cells, which are inflammation markers and risk factors for CVD, are reduced by treatment
with rosiglitazone (Haffner et al., 2002). This anti-inflammatory effect of rosiglitazone was also seen
by Marx et al. They showed that PPAR-γ agonists, like rosiglitazone and pioglitazone, reduce the
production of the pro-inflammatory cytokines interferon-γ (IFN-γ), tumor necrosis factor-α (TNF-α) and
IL-2 by T lymphocytes. Activation of T lymphocytes and subsequent production of inflammatory
cytokines is an important step in atherosclerotic plaque development (Marx et al., 2002). More
recently, Lombardi et al. showed that the anti-inflammatory action of PPAR-γ agonists, like
rosiglitazone, is due to the inhibition of the pro-inflammatory transcription factor nuclear factor kappa
B (NF-κB). They also showed that rosiglitazone can interfere with chemokine secretion stimulated by
TNF-α and IFN-γ in microvascular endothelial cells. Additionally, the expression of VCAM-1 and ICAM1 by human microvascular endothelial cells was reduced by rosiglitazone treatment (Lombardi et al.,
2008). Both chemokine secretion and expression of adhesion molecules are important steps in the
development of an atherosclerotic plaque (Libby et al., 2011; Lombardi et al., 2008).
Other studies revealed that PPAR-γ activity is also involved in the regulation of oxidative stress. For
example, treatment with a PPAR-γ agonist or overexpression of PPAR-γ can reduce the ROS production
induced by ultraviolet A (UVA) radiation or ageing in human dermal fibroblasts in culture (Briganti et
al., 2014; Lee et al., 2010). Furthermore, endogenous antioxidants and the total antioxidant capacity
are increased by treatment with a PPAR-γ agonist (Briganti et al., 2014). Oxidative stress plays an
important role in stress-induced premature senescence. Therefore, the role of PPAR-γ agonists, like
rosiglitazone, in the premature senescence process was also investigated. Evidence was found that
rosiglitazone can reduce the proportion of senescent fibroblasts after exposure to ultraviolet B (UVB)
radiation (Chen et al., 2015). Also, after exposure to UVA radiation, modulation of PPAR-γ activity with
the agonist Octa can rescue the senescent phenotype in fibroblasts (Briganti et al., 2014). Lastly,
modifying the PPAR-γ activity with rosiglitazone can counteract UVB radiation-induced upregulation
of p53 and p21, which are both associated with senescence (Chen et al., 2015). Further research is
necessary to determine the effect of rosiglitazone on ionizing radiation-induced senescence in
endothelial cells.

1.5 RESEARCH AIMS AND OBJECTIVES
The aim of this thesis is to study the effect of the candidate modulators mentioned above on radiationinduced senescence in endothelial cells. First of all, three different assays will be performed to detect
radiation-induced senescence in endothelial cells. The SA β-gal assay that uses 5-bromo-4-chloro-3indolyl-β-D-galactopyranoside (X-gal) as substrate is considered as the golden standard assay. The
chlorophenol red β-D-galactopyranoside (CPRG) and 4-methylumbelliferyl-β-D-galactopyranoside
(MUG) assay are high throughput alternatives for the standard assay. Next, the CPRG and MUG assays
will be used to determine the effects of the different compounds on radiation-induced senescence in
endothelial cells. Additionally, western blot analysis will be performed to study the effects on p21 and
p16 protein expression. Lastly, the nitric oxide production will be examined in irradiated endothelial
cells and immunocytochemical stainings will be performed to study cell size, SA β-gal activity as well
as p21 protein expression and localization.
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2

MATERIALS AND METHODS

2.1 CELL CULTURE
Primary human coronary artery endothelial cells (HCAECs, ATCC PCS-100-020, France) were used for
all experiments. The cells were cultured in Vascular Cell Basal Medium (ATCC PCS-100-030, France)
supplemented with the Endothelial Cell Growth Kit-VEGF (ATCC PCS-100-041, France) in a humidified
incubator at 37°C with 5% CO2. 72 hours before irradiation, treatment with one of the following
compounds was started: rosiglitazone 1 µM (Sigma-Aldrich, Overijse, Belgium), ascorbic acid 1 mM
(ATCC PCS-100-041, France), IGF-1 100 ng/ml (ATCC PCS-100-041, France), hydrocortisone
hemisuccinate 100 ng/ml (ATCC PCS-100-041, France), or atorvastatin calcium salt trihydrate 0.4 nM
(Sigma-Aldrich, Overijse, Belgium). All compounds were added to Vascular Cell Basal Medium
containing the Endothelial Cell Growth Kit-VEGF without hydrocortisone hemisuccinate.

2.2 IRRADIATION
Cells were irradiated with a dose rate of 0.5 Gy/min, using an Xstrahl RX generator (250 kV, 12 mA, 3.8
mm Al and 1.4 mm Cu; Camberley). Doses applied were 2 or 10 Gy. Cells were not passaged during the
experiment.

2.3 STANDARD SENESCENCE -ASSOCIATED Β-GALACTOSIDASE ASSAY
The cells were seeded in a 96-well plate at 10,000 cells per well. The senescence-associated βgalactosidase (SA β-gal) activity was determined at various time points using a histochemical
senescence detection kit (ab65351) according to the manufacturer’s instructions (Abcam, Cambridge,
UK). Briefly, the cells were washed with 1x phosphate buffered saline (PBS), fixed with the 1x Fixative
Solution for 10-15 minutes at room temperature and washed again with 1x PBS. Next, the cells were
incubated with the SA β-gal staining solution at 37°C for 18 h without CO2. The staining solution
contains the X-gal substrate, which will form an insoluble blue compound when cleaved by βgalactosidase. The SA β-gal staining reaction was stopped by addition of 1 M Na2CO3. The cells were
counterstained using Giemsa staining (VWR, Leuven, Belgium) acidified by 1:50 dilution in 0.2 M
sodium acetate buffer pH 3.36. Using light microscopy, the percentage of SA β-gal blue stained cells
was determined by manually counting a minimum of 1,000 cells and checking the presence of blue
color. Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI) to determine the number of cells
per well using ImageJ software.

2.4 CPRG ASSAY
The cells were seeded in a 96-well plate at 10,000 cells per well. At various time points after irradiation,
the SA β-gal activity was determined using the chlorophenol red β-D-galactopyranoside (CPRG) assay.
The cells were washed with 1x PBS and lysed using M-PER™ buffer (Thermo Fisher Scientific, Asse,
Belgium). Next, 1x CPRG substrate (2 mM chlorophenol red β-D-galactopyranoside in CPRG assay
buffer containing 50 mM KPO4, 1 mM MgCl2, pH 6) (Sigma-Aldrich, Overijse, Belgium) was added and
the plate was incubated for 18 h at 37°C without CO2. The SA β-gal staining reaction was stopped by
addition of 1 M Na2CO3. The absorbance was measured at 570 nm using a CLARIOstar® Microplate
Reader (BMG Labtech, De Meern, The Netherlands). A phenol red standard curve was used for
interplate correction. At the start of the assay, cells were stained with Nuclear-ID® Red DNA stain (Enzo
Life Sciences, Inc., Brussels, Belgium) and the cell number was determined using the IncuCyte® ZOOM
Live-Cell Analysis system and related software (Essen Bioscience, Hertfordshire, United Kingdom).
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2.5 MUG ASSAY
The cells were seeded in a 96-well plate at 10,000 cells per well. At various time points after irradiation,
the SA β-gal activity was determined by conversion of 4-methylumbelliferyl-β-D-galactopyranoside
(MUG; Invitrogen, Thermo Fisher Scientific, Asse, Belgium) in the fluorescent product 4methylumbelliferone (4-MU) at pH 6. The cells were washed with 1x PBS and lysed with M-PER™ buffer
(Thermo Fisher Scientific, Asse, Belgium) for 5 minutes on ice. Then, reaction buffer (1.7 mM MUG in
CPRG assay buffer) was added to each well and the well plate was incubated for 6 h at 37°C without
CO2. The SA β-gal staining reaction was stopped by addition of 1 M Na2CO3. The fluorescence was
detected with excitation at 360 nm and emission at 465 nm using a CLARIOstar® Microplate Reader
(BMG Labtech, De Meern, The Netherlands). A DAPI standard curve was used for interplate correction.
At the start of the assay, cells were stained with Nuclear-ID® Red DNA stain (Enzo Life Sciences, Inc.,
Brussels, Belgium) and the cell number was determined using the IncuCyte® ZOOM Live-Cell Analysis
system and related software (Essen Bioscience, Hertfordshire, United Kingdom).

2.6 ATORVASTATIN CYTOTOXICITY TEST USING MTT CELL VIABILITY ASSAY
The cells were seeded in a 96-well plate at 10,000 cells per well and treated for 24 h with different
concentrations of atorvastatin ranging from 0.1 to 100 nM. 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT; Sigma-Aldrich, Overijse, Belgium) was dissolved in 1x PBS at a
concentration of 5 mg/ml and filter sterilized. MTT solution was added to all wells (20 µl per 100 µl
medium) and the plate was incubated for 4 h at 37°C. Next, the MTT solution was removed and 175 µl
of MTT solvent (150 µl DMSO and 25 µl Sorenson’s glycine buffer (0.1 M glycine, 0.1 M NaCl, pH 10.5))
was added to each well. Each well was mixed thoroughly to dissolve all crystals. The absorbance was
measured at 570 nm using a CLARIOstar® Microplate Reader (BMG Labtech, De Meern, The
Netherlands).

2.7 PROTEIN EXTRACTION AND WESTERN BLOT
The cells were seeded in 6-well plates at 300,000 cells per well and cultured in medium containing 100
ng/ml hydrocortisone hemisuccinate from 72 h before irradiation to 7 days after irradiation. Protein
extraction was performed using M-PER™ buffer (Thermo Fisher Scientific, Asse, Belgium) after 72 h of
treatment with hydrocortisone and on day 7 post irradiation (p.i.). The total protein concentration was
determined with the bicinchoninic acid (BCA) assay and compared to the measured absorbance of a
bovine gamma globulin (BGG) standard curve. 3 to 5.5 µg of total cell lysate was separated on a 4-15%
Criterion™ TGX Stain-Free™ precast gel (BioRad, Temse, Belgium) at 300V. Proteins were transferred
to a nitrocellulose membrane using the Trans-Blot® Turbo™ Transfer System according to the
manufacturer’s instructions (BioRad Laboratories, Temse, Belgium). The membrane was blocked with
5% non-fat dried milk powder in TRIS-buffered saline (TBS) with 0.1% Triton-X100 (TBST) for 1 h at
room temperature. Next, the membrane was incubated overnight at 4°C with the following primary
antibodies: rabbit anti-p16 (SAB4500072, Sigma-Aldrich, Overijse, Belgium), mouse anti-p21 (05-655,
Merck Millipore, Overijse, Belgium) and mouse anti-vinculin (sc-73614, Santa Cruz Biotechnology, Inc.,
Heidelberg, Germany). The secondary antibodies that were used are horseradish peroxidase (HRP)
conjugated goat anti-mouse and goat anti-rabbit (Life Technologies, Asse, Belgium). All antibodies
were diluted in 5% bovine serum albumin (BSA) in TBST. Enhanced chemiluminescence (ECL) detection
was performed using Clarity™ ECL substrate in accordance with the instructions of the manufacturer
(BioRad, Temse, Belgium).
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2.8 NITRIC OXIDE ASSAY
The cells were seeded in a 96-well plate at 13,000 cells per well and cultured in medium with or without
100 ng/ml hydrocortisone hemisuccinate from 72 h before irradiation to 7 days after irradiation. The
NO levels were measured by 4-amino-5-methylamino-2',7'-difluorofluorescein diacetate (DAF-FM
diacetate; Thermo Fisher Scientific, Asse, Belgium) staining after 72 h of treatment with hydrocortisone
and on day 7 p.i. The cells were washed twice with HEPES/HBSS buffer (Hank’s Balanced Salt Solution
with Ca2+ and Mg2+ containing 20 mM HEPES pH 7.2, Thermo Fisher Scientific, Asse, Belgium). Next, the
cells were incubated with the DAF-FM staining solution (8.33 µM DAF-FM in HEPES/HBSS buffer) for
30 min in the dark at 37°C. The cells were washed once with HEPES/HBSS buffer and incubated again
for 30 min in the dark at 37°C before imaging the cells with a Nikon Eclipse Ti inverted fluorescence
microscope equipped with a 20x plan apo dry objective (numerical aperture 0.75). After imaging, Snitrosocysteine (SNOC; 0.1 M Cys-HCl, 0.1 M NaNO2, 20 nM HCl, 20 nM NaOH, diluted 1:100 in HBSS)
was added to each well to a final SNOC concentration of 50 µM. After 15 min of incubation at 37°C in
the dark, the plate was imaged again using the same settings as before. SNOC was used as an internal
control for this experiment.

2.9 IMMUNOCYTOCHEMICAL STAINING
HCAECs were seeded in Lab-tek II chambered slides (Thermo Fisher Scientific, Asse, Belgium) at 50,000
cells per well and cultured in medium with or without 100 ng/ml hydrocortisone hemisuccinate from
72 h before irradiation to 7 days after irradiation. The cells were stained with the senescence detection
kit (ab65351; Abcam, Cambridge, UK) using 59.5 mM MUG substrate. After 24 h of incubation, the
reaction was stopped by addition of 1 M Na2CO3. Next, half of the chambered slides were washed twice
with 1x PBS for 5 min and incubated with phalloidin TRITC (Sigma-Aldrich, Overijse, Belgium) and SYBR
green (Thermo Fisher Scientific, Asse, Belgium) in 1x PBS for 1 h at room temperature in the dark. The
other half of the chambered slides were washed twice with 1x PBS for 5 min after stopping the reaction
and incubated with 20% normal goat serum control (Thermo Fisher Scientific, Asse, Belgium) in TrisHCl NaCl blocking buffer (TNB) (5 g/l TSA blocking reagent, 1x TBST) for 1 h at room temperature. After
the blocking, primary mouse anti-p21 (05-655, Merck Millipore, Overijse, Belgium) antibody diluted in
TNB was added and the cells were incubated for 2.5 h at room temperature. Next, the cells were
washed 3 times with 1x PBS for 5 min. Then, the cells were incubated with secondary Alexa fluor 488
goat anti-mouse antibody (Invitrogen, Thermo Fisher Scientific, Asse, Belgium) diluted in TNB
containing phalloidin TRITC (Sigma-Aldrich, Overijse, Belgium) for 1 h at room temperature in the dark.
Lastly, all chambered slides were washed two times with 1x PBS for 5 min and mounted with mowiol
mounting medium. The cells were imaged using a Nikon Eclipse Ti inverted fluorescence microscope
equipped with a 20x plan apo dry objective (numerical aperture 0.75). Cell area and fluorescence
intensities were quantified using Fiji by ImageJ.

2.10 STATISTICS
All data are given as means ± standard error of the mean (SEM). Comparisons between two groups
were made using nonparametric Mann-Whitney U test. For multiple groups, statistical significance was
determined by Kruskal-Wallis one-way analysis of variance with Dunn’s post-hoc test or Two-Way
ANOVA with Bonferroni’s post-hoc test. P-values < 0.05 were considered as statistically significant.
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3

RESULTS

3.1 DETECTION OF RADIATION-INDUCED SENESCENCE USING THREE DIFFERENT ASSAYS
Three different assays were performed to
detect premature senescence in irradiated (10
Gy) and sham-irradiated (0 Gy) HCAECs. The
percentage of senescent cells was determined
by standard SA β-gal assay. Additionally, the
CPRG and MUG assay were used to quantify
the SA β-gal activity after irradiation.
On day 0, the day of irradiation, there is no
difference in senescent cells between the
irradiated and the sham-irradiated control
group (Figure 8).
From day 1 p.i., a difference between both
groups can be observed. The results from the
standard SA β-gal assay (Figure 8A) and the
MUG assay (Figure 8C) show significant higher
SA -gal activity in the irradiated group
compared to the control group. Remarkably,
the results from the CPRG assay (Figure 8B)
show the opposite with significantly more SA
β-gal activity in the control group.
On day 2 p.i., this effect is maintained as
illustrated by the results of the CPRG assay.
The standard SA β-gal assay also shows
significantly more senescent cells in the
control group compared to the irradiated
group on day 2 p.i. According to the results
from the MUG assay, there is no significant
difference between both groups at this time
point (Figure 8C).
At day 6 p.i., a pronounced effect can be
observed with all three assays. The number of
senescent cells after irradiation drastically
increases on day 6 p.i. and is significantly
different from sham-irradiated group. The
results from the CPRG and MUG assay also
show an increase in SA β-gal activity in the
sham-irradiated control group over time.

Figure 8: Senescence-associated β-galactosidase activity (SA
β-gal) in irradiated HCAECs. HCAECs were irradiated with a
dose of 10 Gy (0.5 Gy/min) or sham-irradiated. The SA β-gal
activity was determined on day 0, 1, 2 and 6 after irradiation
using (A) the standard SA β-gal assay (n = 9), (B) the CPRG
assay (n = 12) and (C) the MUG assay (n = 12). Data are shown
as mean ± SEM. *P < 0.05, ****P < 0.0001 compared to sham
using Two-Way ANOVA with Bonferroni post-hoc test. A.U.:
arbitrary units, OD: optical density, p.i.: post irradiation.
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3.2 EFFECT OF ATORVASTATIN ON ENDOTHELIAL CELL VIABILITY
A cytotoxicity test was performed for atorvastatin
because the initially used concentration (100 nM),
which was based on literature, induced a
considerable amount of cell death. An MTT assay
was used to study HCAEC viability in the presence
of different concentrations of atorvastatin ranging
from 0 to 100 nM. The cytotoxic effects of
atorvastatin on HCAECs are illustrated in Figure 9.
The results show a decrease in cell survival when
the atorvastatin concentration increases. For the
lower concentrations, the decrease in cell survival
is limited to 20% and not significant. However,
concentrations of 1.56 nM and higher induce a
considerable amount of cell death. At the highest
concentration of 100 nM, only 8.7% of the cells
survive. Based on these results, a concentration of
0.4 nM was used for all consecutive experiments.

Figure 9: Effect of atorvastatin on HCAEC viability after 24
h of treatment. Cell cytotoxicity determined by MTT assay
is expressed as percentage of surviving cells and presented
as mean ± SEM (n = 8), *P < 0.05, **P < 0.01, **P < 0.001,
****P < 0.0001, Kruskal-Wallis with Dunn’s post-hoc test
versus control. CTRL: control.

3.3 EFFECT

OF

DIFFERENT
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ON

RADIATION -INDUCED

SENESCENCE
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ENDOTHELIAL CELLS
The high throughput CPRG and MUG assays were used to study the effect of different compounds on
the induction of senescence in irradiated (2 Gy) and sham-irradiated (0 Gy) HCAECs. The cells were
treated from 72 h before irradiation until 7 days p.i. On the day of irradiation (day 0), after 72 h of
treatment with the compounds, the results show a significant increase in senescence in the IGF-1 and
hydrocortisone-treated cells. For the other compounds, rosiglitazone, ascorbic acid and atorvastatin,
there is no difference in SA β-gal activity compared to the control group (Figure 10A and B).
On day 7 p.i., significant differences in SA β-gal activity can be observed (Figure 10C and D). The
increase in senescence by IGF-1 and hydrocortisone treatment in sham-irradiated HCAECs is still
present at day 7. Additionally, the results show a significant increase in SA β-gal activity by rosiglitazone
treatment on day 7. For ascorbic acid and atorvastatin, no difference can be observed between the
sham-irradiated control and sham-irradiated treated cells. Furthermore, both assays show that
irradiation with a dose of 2 Gy induces senescence in the untreated control cells. For the treated cells,
irradiation induces significantly higher SA β-gal activity in the rosiglitazone-, hydrocortisone- and
atorvastatin-treated HCAECs, as shown by the results of the CPRG assay (Figure 10C). According to the
results of the MUG assay, irradiation only induces a significant increase in senescence in the
atorvastatin-treated cells (Figure 10D). The results of the CPRG as well as the MUG assay show that
there is no difference in SA β-gal activity between the sham-irradiated and irradiated HCAECs treated
with ascorbic acid or IGF-1. Lastly, the SA β-gal activity is significantly higher in the irradiated cells
treated with rosiglitazone, IGF-1 and hydrocortisone compared to the irradiated untreated control
cells (Figure 10C and D).
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Figure 10: Senescence-associated β-galactosidase (SA β-gal) activity in irradiated HCAECs treated with different
compounds. HCAECs were treated with rosiglitazone (1 µM), ascorbic acid (1 mM), IGF-1 (100 ng/ml), hydrocortisone (100
ng/ml) or atorvastatin (0.4 nM) from 72 h before irradiation until 7 days p.i. HCAECs were irradiated with a dose of 2 Gy (0.5
Gy/min) or sham-irradiated. The SA β-gal activity was determined after 72 h of treatment with the compounds (A and B) and
day 7 p.i. (C and D) using the CPRG (A and C) and the MUG assay (B and D). Results were normalized to cell counts. Data are
shown as mean ± SEM (N = 3, n = 4-16). *P < 0.05, **P < 0.01, ****P < 0.0001 compared to sham of same treatment, using
Mann-Whitney U test. •P < 0.05, ••P < 0.01, •••P < 0.001, ••••P < 0.0001 compared to sham of control, using Kruskal-Wallis
test with Dunn’s post-hoc test. ○○P < 0.01, ○○○○P < 0.0001 compared to 2 Gy of control, using Kruskal-Wallis test with Dunn’s
post-hoc test. A.U.: arbitrary units, ASC: ascorbic acid, ATOR: atorvastatin, CTRL: control, HC: hydrocortisone, p.i.: post
irradiation, ROSI: rosiglitazone.

3.4 EFFECT OF HYDROCORTISONE ON RADIATION -INDUCED EXPRESSION OF P21 AND P16
Based on the previous experiments, hydrocortisone was selected to further study its effect on the
radiation-induced senescent phenotype of HCAECs. We opted for hydrocortisone since this compound
showed the greatest effect on senescence in endothelial cells. Western blot analysis was performed
to determine the effect of hydrocortisone treatment on the expression of p21 and p16 in irradiated (2
Gy) and sham-irradiated (0 Gy) HCAECs. The cells were incubated with hydrocortisone from 72 h before
irradiation until 7 days p.i.
Significant differences in p21 protein levels could be observed in a western blot assay. After 72 h of
treatment with hydrocortisone (day 0 for radiation exposure), there is a significant decrease in p21
protein levels compared to the control group (Figure 11B). On day 7 p.i., the p21 protein levels are
significantly increased in the irradiated control cells compared to the sham-irradiated control cells
(Figure 11B). Additionally, irradiation also induced higher p21 protein levels in the hydrocortisone
treated cells. However, like on day 0, the p21 protein expression is significantly lower in the
hydrocortisone-treated group compared to the control group. This effect is present in the shamirradiated hydrocortisone-treated cells as well as in the irradiated hydrocortisone-treated cells (Figure
11C).
Western blot analysis of p16 protein expression showed non-specific bands at high exposure times.
However, neither of the samples showed specific bands for p16 (Figure S2).
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Figure 11: p21 protein expression in irradiated HCAECs treated with hydrocortisone. HCAECs were treated with hydrocortisone
(100 ng/ml) from 72 h before irradiation until 7 days p.i.. The cells were irradiated with a dose of 2 Gy (0.5 Gy/min) or shamirradiated. The expression of p21 was determined by western blot (A) after 72 h of treatment with hydrocortisone (day 0 for
radiation exposure) (B) and on day 7 p.i. (C). A) Representative blot for p21. Each lane contains 3 µg of protein extract. B & C)
p21 protein quantification. Data were normalized based on vinculin protein levels. Data are shown as mean ± SEM (N = 2, n =
6-8). **P < 0.01, ***P < 0.001 compared to sham of same treatment, ••••P < 0.0001 compared to sham of control, ○○○P < 0.001
compared to 2 Gy of control. The statistical significance was evaluated using Mann-Whitney U test. A.U.: arbitrary units, CTRL:
control, HC: hydrocortisone, p.i.: post irradiation.

3.5 EFFECT OF RADIATION AND HYDROCORTISONE TREATMENT ON NITRIC OXIDE PRODUCTION
BY ENDOTHELIAL CELLS
The intracellular NO bioavailability was assessed in irradiated (2 Gy) and sham-irradiated (0 Gy) HCAECs
using the fluorescent NO-sensitive dye DAF-FM. The cells were treated with hydrocortisone (100
ng/ml) from 72 h before irradiation until 7 days p.i. On day 0, the day of irradiation, the hydrocortisonetreated cells have a significantly lower NO bioavailability compared to the control cells (Figure 12A).

A

B

Figure 12: Intracellular nitric oxide (NO) bioavailability in irradiated HCAECs treated with hydrocortisone. HCAECs
were treated with hydrocortisone (100 ng/ml) from 72 h before irradiation until 7 days p.i. The cells were irradiated with
a dose of 2 Gy (0.5 Gy/min) or sham-irradiated. The NO production capacity was determined after 72 h of treatment
with hydrocortisone (day 0 for radiation exposure) (A) and on day 7 p.i. (B) by 4-amino-5-methylamino-2',7'difluorofluorescein diacetate staining. Data are shown as mean ± SEM (N = 1, n = 95). ****P < 0.0001 compared to sham
of same treatment using Mann-Whitney U test. ••••P < 0.0001 compared to sham of control using Mann-Whitney U test.
○○○○P < 0.0001 compared to 2 Gy of control using Mann-Whitney U test. A.U.: arbitrary units, CTRL: control, HC:
hydrocortisone, NO: nitric oxide, p.i.: post irradiation.

22

No difference can be observed between the NO levels of the irradiated and sham-irradiated control
cells on day 7 p.i. (Figure 10B). For the hydrocortisone-treated cells, the NO bioavailability is
significantly higher in the irradiated cells compared to the sham-irradiated cells. Additionally, the NO
levels from the irradiated and sham-irradiated hydrocortisone-treated cells are significantly lower
compared to the NO levels of the control cells (Figure 12B).

3.6 IMMUNOCYTOCHEMICAL STAINING OF ENDOTHELIAL CELLS
An immunocytochemical staining was performed on sham-irradiated (0 Gy) and irradiated (2 Gy)
HCAECs treated with hydrocortisone (Figure 13).
DAY 0

DAY 7 p.i.
2 Gy

CTRL

HC

CTRL

0 Gy

HC

p21 - phalloidin TRITC - MUG

SYBR green - phalloidin TRITC - MUG

0 Gy

Figure 13: Immunocytochemical stainings of irradiated HCAECs treated with hydrocortisone. HCAECs were treated with
hydrocortisone (100 ng/ml) from 72 h before irradiation (day 0 of radiation exposure) until 7 days p.i. The cells were irradiated
with a dose of 2 Gy (0.5 Gy/min) or sham-irradiated. The cells were stained with SYBR green (nuclei), phalloidin TRITC (actin
skeleton) and MUG (senescence-associated -galactosidase activity) (upper 6 panels) or with phalloidin TRITC, MUG and
Alexa fluor 488 goat anti-mouse antibodies against mouse anti-p21 (lower 6 panels). Scale bars represent a distance of 100
µm. Image intensity and contrast were adjusted to obtain the highest image quality. CTRL: control, HC: hydrocortisone, MUG:
4-methylumbelliferyl-β-D-galactopyranoside.
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The cells were stained with SYBR green (nuclei, green), phalloidin TRITC (actin skeleton, red) and MUG
(SA -gal, blue) (Figure 13, upper 6 panels) or with phalloidin TRITC, MUG and Alexa fluor 488 goat
anti-mouse antibodies against mouse anti-p21 (green) (Figure 13, lower 6 panels). The images show
SA -gal positive cells that increase in size after irradiation. The SA -gal positive cells are also positive
for p21 expression, which appears to localize in the nuclei (Figure 13).
Cell area as well as MUG and p21 intensities were quantified based on the raw images to reveal
quantitative differences between the various conditions (Figure 14). On day 0, there is no significant
difference in SA -gal activity and p21 expression between the hydrocortisone-treated and untreated
control cells (Figure 14C and E). Only a significant decrease in cell size could be observed in the
hydrocortisone-treated cells compared to the control cells (Figure 14A).
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Figure 14: Ionizing radiation increases
cell size, senescence-associated
galactosidase activity and p21 protein
levels in HCAECs. HCAECs were treated
with hydrocortisone (100 ng/ml) from 72
h before irradiation until 7 days p.i. The
cells were irradiated with a dose of 2 Gy
(0.5 Gy/min) or sham-irradiated. The
cells were stained with SYBR green
(nuclei), phalloidin TRITC (actin skeleton)
and MUG (senescence-associated galactosidase activity) or with phalloidin
TRITC
(actin
skeleton),
MUG
(senescence-associated -galactosidase
activity) and Alexa fluor 488 goat antimouse antibodies against mouse antip21. A-B) Cell areas based on phalloidin
TRITC staining C-D) Senescenceassociated
-galactosidase activity
based on MUG staining. E-F) p21 protein
expression. Areas and intensities were
quantified using Fiji by ImageJ based on
raw images. Data are shown as mean ±
SEM (N = 1, n = 12-24). *P < 0.05, **P <
0.01, ****P < 0.0001 compared to sham
of same treatment using Mann-Whitney
U test. •P < 0.05 compared to sham of
control using Mann-Whitney U test. A.U.:
arbitrary units, CTRL: control, HC:
hydrocortisone, p.i.: post irradiation, px:
pixels.

On day 7 p.i., cell size is significantly increased in the irradiated HCAECs compared to the shamirradiated HCAECs (Figure 14B). This applies to the untreated control cells as well as the
hydrocortisone-treated cells. No significant difference in cell size could be observed between the
control and hydrocortisone-treated cells for both the sham-irradiated and irradiated groups.
Furthermore, there is a significant increase in SA -gal activity between the irradiated and shamirradiated cells, both for the untreated controls cells as well as the hydrocortisone-treated cells on day
7 p.i. However, there are no significant differences in SA -gal activity between the control group and
hydrocortisone-treated group for both doses (Figure 14D). Lastly, on day 7 p.i., there is a significant
increase in p21 protein expression in the irradiated control cells compared to the sham-irradiated
control cells. However, in the hydrocortisone-treated cells irradiation does not increase p21 protein
expression. Moreover, there is no significant difference in p21 protein expression between the
untreated control cells and hydrocortisone-treated cells for both dose groups (Figure 14F).
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Table 2: Summary of all results. “After treatment” = SA -gal activity Day 7 0 Gy CTRL vs Day 7 0 Gy treated, ”After IR” = SA -gal activity Day 7 0 Gy treated vs Day 7 2 Gy treated. .CPRG:
chlorophenol red β-D-galactopyranoside, IGF-1: insulin-like growth factor-1, IR: ionizing radiation, MUG: 4-methylumbelliferyl-β-D-galactopyranoside, NO: nitric oxide, p.i.: post irradiation, SA gal: senescence-associated -galactosidase.

DETECTION OF RADIATION-INDUCED SENESCENCE USING THREE DIFFERENT ASSAYS
Standard assay

CPRG assay

number of senescent cells on day 6 p.i.

MUG assay

SA -gal activity on day 6 p.i.

SA -gal activity on day 6 p.i.

EFFECT OF DIFFERENT COMPOUNDS ON RADIATION-INDUCED SENESCENCE IN ENDOTHELIAL CELLS

CPRG

MUG

Control
Day 0
Day 7 p.i.

Rosiglitazone
Day 0
Day 7 p.i.

Ascorbic acid
Day 0
Day 7 p.i.

IGF-1
Day 0
Day 7 p.i.

Hydrocortisone
Day 0
Day 7 p.i.

Atorvastatin
Day 0
Day 7 p.i.

/

after IR

No effect

after
treatment

No effect

No effect

after
treatment

after
treatment

after
treatment

after
treatment

No effect

after IR

/

after IR

No effect

after
treatment
and IR

No effect

No effect

after
treatment

after
treatment

after
treatment

after
treatment
and IR

No effect

after IR

EFFECT OF HYDROCORTISONE ON RADIATION-INDUCED EXPRESSION OF P21 AND P16
Control
Day 0

Hydrocortisone
Day 7 p.i.

/

p21 levels after IR

Day 0

Day 7 p.i.

p21 levels

p21 levels after 10 days of treatment
p21 levels after IR

EFFECT OF RADIATION AND HYDROCORTISONE TREATMENT ON NITRIC OXIDE PRODUCTION BY ENDOTHELIAL CELLS
Control

Hydrocortisone

Day 0

Day 7 p.i.

/

No effect after IR

Day 0

Day 7 p.i.

NO production after treatment

NO production after treatment
NO production after IR

IMMUNOCYTOCHEMICAL STAINING OF ENDOTHELIAL CELLS
Control
Day 0
/

Hydrocortisone
Day 7 p.i.

cell size, SA -gal activity and p21 levels
after IR

Day 0
cell size after treatment
No effect on SA -gal activity or p21
levels

Day 7 p.i.
cell size and SA -gal activity after IR
No effect on p21 levels after IR

4

DISCUSSION

The aim of this thesis was to study the effect of various candidate modulators on radiation-induced
senescence in endothelial cells. Ionizing radiation can induce senescence in endothelial cells through
the induction of DNA damage or ROS production (Rombouts et al., 2014; Yentrapalli et al., 2013a;
Yentrapalli et al., 2013b).
To exactly determine the effect of each compound in addition to the effect of ionizing radiation, a
comparison should be made based on the sham-irradiated/irradiated ratio, which is not possible with
our data. Therefore, comparisons were made between the sham-irradiated and irradiated treated
HCAECs and the sham-irradiated and irradiated untreated HCAECs, respectively, as well as the shamirradiated and irradiated treated HCAECs.

4.1 IONIZING RADIATION INDUCES SENESCENCE IN HUMAN CORONARY ARTERY ENDOTHELIAL
CELLS
First of all, three different assays were performed to detect radiation-induced senescence in HCAECs.
The SA β-gal assay that uses X-gal as substrate, which is considered as the golden standard, and the
high throughput alternatives, the CPRG and the MUG assay. On day 0, the day of irradiation, there is
no difference in senescence between the irradiated (10 Gy) and sham-irradiated (0 Gy) group, as
shown by the results of all three assays. Furthermore, the number of senescent cells is very low on day
0, the day of irradiation. These results are in accordance with our expectations since these cells
received the same treatment and were not irradiated. Furthermore, the period of cultivation was
short. On day 1 and day 2 p.i., a slight increase in senescence could be observed. In contrast with our
expectations, some assays show a significantly higher senescence in the sham-irradiated group
compared to the irradiated group. However, the differences between both groups are relatively small.
The higher percentage of senescent cells in the sham-irradiated could be due to stress, for example
induced by the cell culture conditions. There is evidence that replicative arrest of primary cells may be
the result of the stress imposed by cultivation in non-physiologic conditions. For example, disruption
of cell-cell contact, inadequate medium-to-cell ratio, lack of appropriate growth factors and plating on
plastic are likely to induce stress (Kuilman et al., 2010; Sherr and DePinho, 2000). On day 6 p.i., all three
assays show a pronounced increase in senescence. It is known that exposure to ionizing radiation
induces senescence in endothelial cells (Baselet et al., 2017; Lowe and Raj, 2014; Rombouts et al.,
2014; Yentrapalli et al., 2013a; Yentrapalli et al., 2013b). Thus, as expected, there are significantly more
senescent cells in the irradiated group compared to the sham-irradiated group. The results from the
CPRG and the MUG assay also show an increase in the number of senescent cells in the sham-irradiated
group. This increase could be due to the same reasons mentioned above. Additionally, after a longer
period of cultivation the control cells can become senescent since primary cells have a limited
replicative lifespan (Hayflick and Moorhead, 1961). Overall, the results show that a radiation dose of
10 Gy induces senescence in endothelial cells, as we expected. The three different assays gave
consistent results indicating that the CPRG and MUG assays are good alternatives for the golden
standard. For the comparison of the three different assays, a dose of 10 Gy was used as a positive
control. For the consecutive experiments, a more clinically relevant dose of 2 Gy was used. Typically,
different types of solid tumors are irradiated with doses ranging from 20 to 70 Gy divided in fractions
of 1.8 to 2 Gy (Royal College of Radiologists, 2016; Uselmann and Thomadsen, 2015).

4.2 ATORVASTATIN INDUCES CELL DEATH IN HUMAN CORONARY ARTERY ENDOTHELIAL CELLS
For atorvastatin, a cytotoxicity test was performed because the initially used concentration (100 nM),
which was based on literature and in line with the serum concentration in patients (Gazzerro et al.,
2012), induced a considerable amount of cell death. The results from the MTT assay demonstrated a
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significant decrease in cell survival at concentrations of 1.56 nM and higher. Based on these results, a
concentration of 0.4 nM was used for all subsequent experiments. This concentration is strikingly lower
than the concentration of 100 nM used by other research groups. However, other endothelial cells
were used in their experiments, which might explain the difference in sensitivity. Furthermore, it is
possible that the used atorvastatin molecule is not exactly the same as the one used by other research
groups. They received atorvastatin from pharmaceutical companies and therefore, the exact
formulation is classified. In our experiments, atorvastatin calcium salt trihydrate was used. It is known
that calcium plays an important role in cell death regulation in neurons and other cell types. More
specifically, a cellular calcium overload can cause cytotoxicity leading to apoptosis, necrosis or
autophagy (Voccoli et al., 2014; Zhivotovsky and Orrenius, 2011). Possibly, the calcium sequestered in
the atorvastatin molecule causes a calcium overload in our cell culture leading to cell death.
Additionally, there is also evidence that hydrophobic HMG-CoA reductase inhibitors, including
atorvastatin, induce apoptosis in rat pulmonary vein endothelial cells. For atorvastatin, they reported
that a concentration of 7.9 µM reduced the cell viability to 50% (Kaneta et al., 2003). Furthermore,
apoptosis was observed in HUVECs treated with hydrophobic statins. Only hydrophobic statins have
this effect since hydrophilic statins are unable to penetrate the hydrophobic cell membrane. It was
suggested that the inhibition of some geranylgeranylated protein functions by hydrophobic statins
leads to apoptotic cell death (Kaneta et al., 2003; Li et al., 2002).

4.3 EFFECT

OF

DIFFERENT

COMPOUNDS

ON

RADIATION-INDUCED

SENESCENCE

IN

ENDOTHELIAL CELLS
The high throughput CPRG and MUG assays were used to study the effect of different compounds on
the induction of senescence in irradiated and sham-irradiated HCAECs treated.
On day 0, after 72 h of treatment with the compounds but no irradiation, the results showed a
significant increase in senescence in the IGF-1 and hydrocortisone-treated cells. For rosiglitazone,
ascorbic acid and atorvastatin, there was no significant difference compared to the control group, as
expected. The increased senescence induced by IGF-1 treatment is in line with our expectations as it
is known that prolonged IGF-1 signaling can induce premature senescence through an increase in the
expression of p53 and p21 (Handayaningsih et al., 2012; Tran et al., 2014). Hence, this explains the
senescence observed in the IGF-1 treated cells. Since hydrocortisone is able to delay the onset of
senescence in human fetal lung fibroblasts and can modulate the cell cycle, we hypothesized that
hydrocortisone treatment would lead to a decrease in senescent cells (Cristofalo et al., 1985; Phillips
et al., 1982). However, we observed an increase in senescence after 72 h of treatment with
hydrocortisone. A possible cause for the increased senescence could be enhanced expression of p21
or p27 by hydrocortisone. It has been reported that hydrocortisone treatment increases the expression
of p27, which is a cyclin-dependent kinase inhibitor and can induce senescence (Erol et al., 2008; Flores
et al., 2014). Other research groups found that glucocorticoids induce the expression of p21 and p27
in various cell types, which can both activate senescence pathways (Reviewed in Pestell et al., 1999).
However, the results from the western blot analysis and immunocytochemical stainings do not show
an increase in p21 expression by hydrocortisone treatment.
On day 7 p.i., the results from both assays show an increase in senescence in the irradiated control
cells compared to the sham-irradiated control cells. Again, this result is in line with our expectations
since it was already described that ionizing radiation induces senescence in endothelial cells (Baselet
et al., 2017; Lowe and Raj, 2014; Rombouts et al., 2014; Yentrapalli et al., 2013a; Yentrapalli et al.,
2013b).
For the rosiglitazone-treated cells, the results indicated that at day 7 p.i. there is a significant increase
in senescence for both the irradiated and sham-irradiated cells compared to the untreated control
cells. Based on literature, we expected a decrease in senescence because there is evidence that
rosiglitazone can decrease ROS accumulation and prevent UV irradiation-induced upregulation of p53
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and p21, thereby counteracting a senescent phenotype in fibroblasts (Briganti et al., 2014; Chen et al.,
2015). However, the concentrations used by these research groups are higher than the clinically
relevant concentration of 1 µM used in our experiments (GlaxoSmithKline, 2007). Also, the other
research groups performed their experiments with fibroblasts and not endothelial cells. Possibly, the
used concentration was too low to prevent the senescence induced by irradiation. Furthermore, UV
radiation is non-ionizing and therefore can only induce senescence through accumulation of ROS and
indirect DNA damage (Chen et al., 2015; WHO, 2017). Probably, the combination of the low
rosiglitazone concentration and the use of ionizing radiation instead of UV radiation are the cause of
our unexpected results. Remarkably, the number of senescent cells is also significantly increased in the
sham-irradiated HCAECs after 10 days of treatment with rosiglitazone, whereas this was not the case
after 72 h of treatment. However, a study by Wakino and colleagues revealed that rosiglitazone has an
effect on vascular cell proliferation. More specifically, they found that 24 h of treatment with 10 µM
rosiglitazone can attenuate p27 degradation in VSMCs (Reviewed in Hsueh et al., 2001; Wakino et al.,
2000). If rosiglitazone induces the same effect in endothelial cells, this could explain the increased
number of senescent cells in the sham-irradiated group since p27 is a protein involved in the
senescence pathway. To conclude, based on these results we can assume that rosiglitazone does not
protect against radiation-induced senescence in endothelial cells.
On day 7 p.i., the results from the CPRG and MUG assay indicate that there is no significant difference
in senescence between the irradiated and sham-irradiated ascorbic acid-treated cells and the
irradiated and sham-irradiated untreated control cells, respectively. Furthermore, there is no
significant difference between the irradiated and sham-irradiated ascorbic acid-treated cells. Since
irradiation does not increase senescence in the ascorbic acid-treated cells, these results are in line with
our hypothesis that ascorbic acid might prevent senescence in endothelial cells. This hypothesis was
based on previous research which demonstrated that ascorbic acid can reduce the formation of ROS
after irradiation, thereby delaying senescence in endothelial cells and fibroblasts (Haendeler et al.,
2004; Kobashigawa et al., 2015). Our results confirm our hypothesis and suggest that ascorbic acid has
an effect on radiation-induced senescence in endothelial cells.
The results from day 7 p.i. demonstrate that IGF-1 induces senescence in the sham-irradiated as well
as the irradiated cells. These results are in line with the results from day 0 and comply with our
expectations. As mentioned before, previous published data demonstrated that prolonged IGF-1
signaling can induce premature senescence through an increase in the expression of p53 and p21
(Handayaningsih et al., 2012; Panganiban and Day, 2013; Tran et al., 2014). Unexpectedly, irradiation
does not induce a significant increase in senescence in the IGF-1 treated cells. It is generally known
that IGF-1 signaling activates the PI3K/Akt/mTOR pathway (Panganiban and Day, 2013; Rombouts et
al., 2014; Tran et al., 2014). Additionally, there are several reports that demonstrate the involvement
of the PI3K/Akt/mTOR pathway in the induction of premature senescence in endothelial cells exposed
to ionizing radiation (Panganiban and Day, 2013; Rombouts et al., 2014; Yentrapalli et al., 2013b). More
specifically, Panganiban and Ray found that a dose of 10 Gy can cause phosphorylation and activation
of the IGF1R in human pulmonary artery endothelial cells (HPAECs). The phosphorylation is mediated
by X-ray induced ROS and will lead to activation of the PI3K/Akt/mTOR pathway. Furthermore, HPAECs
irradiated with a dose of 10 Gy showed a 3.2 fold increase in IGF-1 secretion (Panganiban and Day,
2013). Therefore, we could hypothesize that the treatment with IGF-1 already maximally activates the
IGF1R and consequently the PI3K/Akt/mTOR pathway, leading to premature senescence. Possibly, the
irradiation with a dose of 2 Gy does not additionally activate the PI3K/Akt/mTOR pathway, which might
explain the fact that we do not see an increase in senescence in the IGF-1 treated cells after irradiation.
However, further research is necessary to confirm this hypothesis.
For hydrocortisone, the results from day 7 p.i. are consistent with the results from day 0.
Hydrocortisone induces a significant increase in senescence in the sham-irradiated cells compared to
the untreated control cells. The SA β-gal activity is also significantly higher in the irradiated
hydrocortisone-treated group compared to the irradiated untreated group. Like mentioned above, this
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increase in senescence may be caused by upregulation of p21 or p27 by hydrocortisone (Erol et al.,
2008; Flores et al., 2014; Pestell et al., 1999). Additionally, the results from the CPRG assay show a
significant difference between the irradiated and sham-irradiated hydrocortisone-treated cells. This
indicates that hydrocortisone is unable to prevent radiation-induced senescence in endothelial cells.
Moreover, these data suggest a radiosensitizing effect for hydrocortisone.
On day 7 p.i., there is a slight decrease in senescence in the irradiated and sham-irradiated
atorvastatin-treated cells compared to respectively the irradiated and sham-irradiated untreated
control cells. However, the decrease is not statistically significant. We hypothesized that atorvastatin
may prevent radiation-induced senescence since previous research demonstrated that atorvastatin
can prevent ROS formation, decreases p27 expression and increases the expression of eNOS and SIRT1.
Furthermore, atorvastatin can prevent senescence in endothelial progenitor cells and HUVECs (Assmus
et al., 2003; Ota et al., 2010). Our results show a trend supporting this hypothesis but the difference is
not significant. This could be due to the small sample size or the small difference between both groups.
This small difference may also be the consequence of the concentration of atorvastatin used in our
experiments (0.4 nM). The senescence-preventing effects observed by other research groups were
induced by a concentration of 100 nM atorvastatin. Therefore, it could be that a concentration of 0.4
nM, which is 250 times lower, is not sufficient to induce significant differences in senescence.
Remarkably, there is a significant difference in senescence between the sham-irradiated and irradiated
atorvastatin-treated cells. This suggests that atorvastatin does not have a protective effect against
radiation-induced senescence in endothelial cells. However, like mentioned before, the concentration
of atorvastatin used in our experiments is probably too low to induce considerable differences. The
serum concentrations of atorvastatin in patients range from 2 nM to 100 nM (Gazzerro et al., 2012).
The concentration used in our experiments is thus even lower than the lowest effective concentration
reached in patients. To conclude, further research is necessary to fully elucidate the effect of
atorvastatin on radiation-induced senescence in endothelial cells.
Although the results suggest that ionizing radiation and treatment with specific compounds induces
senescence in HCAECs, these data should be interpreted with caution. The expression of SA -gal
activity is not a universal marker for senescence despite the fact that it is the most widely used. There
are reports that SA -gal activity can be detected in non-senescent cells at confluence or under serum
starvation conditions. Therefore, the detection of SA -gal activity is ideally combined with other
senescence markers like cell cycle arrest, enlarged and flattened morphology, lipofuscin accumulation
and senescence-associated -fucosidase activity (Georgakopoulou et al., 2013; Lee et al., 2006; Singh
and Piekorz, 2013).
The CPRG and MUG assays gave consistent results, which suggests that both assays are suitable to
detect SA -gal activity in endothelial cells.
In the subsequent experiments, the effect of hydrocortisone on the radiation-induced senescent
phenotype of HCAECs was further investigated. The effects of the other compounds might be studied
in future experiments.

4.4 HYDROCORTISONE TREATMENT REDUCES P21 EXPRESSION IN HUMAN CORONARY ARTERY
ENDOTHELIAL CELLS
Western blot analysis was performed to determine the effect of irradiation and hydrocortisone
treatment on p21 and p16 protein expression in HCAECs. P21 and p16 both play an important role in
the senescence pathway by inducing a cell cycle arrest (Itahana et al., 2001; Kong et al., 2011;
Minamino and Komuro, 2007).
Our results showed that p21 expression was significantly altered by irradiation and hydrocortisone
treatment. After 72 h of treatment with hydrocortisone, the p21 protein expression was significantly
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lower compared to the control group. On day 7 p.i., the expression was still lower in the
hydrocortisone-treated cells compared to the untreated control cells. This result was unexpected
because the results of the CPRG and MUG assay suggested an increase in senescence in the
hydrocortisone-treated cells on day 0 as well as 7 days after irradiation. It is known that p21 is
upregulated in senescent cells (Itahana et al., 2001; Kong et al., 2011), therefore we would expect
increased p21 levels in the hydrocortisone-treated cells. Nevertheless, it is possible that the
senescence in the hydrocortisone-treated cells is induced by a p21-independent mechanism. For
example, there is evidence that hydrocortisone, and glucocorticoids in general, can increase the
expression of p27 in diverse cell types (Erol et al., 2008; Pestell et al., 1999). P27 is a cyclin-dependent
kinase inhibitor, like p21, that is involved in senescence pathways (Flores et al., 2014). Another
possibility is the induction of senescence in the hydrocortisone-treated cells by overexpression of p16,
although we were unable to detect p16 expression in the cells. Also, as mentioned before, the
expression of SA -gal activity does not necessarily prove that the cells are senescent since there is no
universal marker for senescence (Itahana et al., 2001; Kuilman et al., 2010). Therefore, it is possible
that the hydrocortisone-treated cells express SA -gal activity but are not senescent, which might
explain the low p21 levels. Furthermore, there are reports that p21 expression is induced or unaffected
by hydrocortisone-treatment in various cell types (Erol et al., 2008; Pestell et al., 1999).
The results also showed that irradiation with a dose of 2 Gy significantly increases p21 expression both
in the control and hydrocortisone-treated cells. This result is in line with our expectations because it is
known that ionizing radiation-induced DNA damage leads to stabilization and activation of p53. P53
will induce an increase in p21 protein expression, which will cause a cell cycle arrest (Iliakis et al., 2003;
Kong et al., 2011). Furthermore, it is known that p21 protein expression is upregulated in senescent
cells (Itahana et al., 2001; Kong et al., 2011). The results of the CPRG and MUG assay imply an increase
in senescent cells after irradiation with a dose of 2 Gy. Therefore, we can assume that p21 is
upregulated in response to ionizing radiation leading to cell cycle arrest and a senescence phenotype
in the HCAECs. Irradiation also significantly increased p21 expression in the hydrocortisone-treated
cells. This result suggests that hydrocortisone is not able to protect against ionizing radiation-induced
upregulation of p21.
The western blot always showed two specific bands for p21. This can be explained by post-translational
modifications of p21. For example, Lee and colleagues discovered that p21 is acetylated at lysine 161
and 163 by the acetyltransferase Tip60 in various cell types. Previous studies had already indicated
that the acetylase activity of Tip60 increases in response to several stress factors like serum deprivation
and DNA damage, including ionizing radiation-induced damage (Lee et al., 2013). Furthermore, there
is evidence that p21 can be phosphorylated by various kinases like Pim-1 and Akt at several
phosphorylation sites (Rossig et al., 2001; Wang et al., 2002). These post-translational modifications
increase the molecular weight of p21, which might explain the presence of the second specific band.
For p16, no specific bands could be detected for all of the samples. We would expect an increase in
p16 expression since previous reports indicate that p16 expression is raised in senescent vascular cells
(Kong et al., 2011; Minamino and Komuro, 2007). However, the p16/pRb pathway is not always
activated in senescence. It is suggested that the p53/p21 pathway is induced by DNA damage and
telomere dysfunction, whereas the p16/pRb pathway is activated by oncogenic stimuli and chromatin
disruption. In senescent populations, some cells have activated the p53/p21 pathway or the p16/pRb
pathway individually or both at the same time, depending on cell type and extent of stress (Kong et
al., 2011; Minamino and Komuro, 2007). Furthermore, the dynamics of p16 expression are different
compared to p21 expression. There is evidence that p16 expression rises after the senescent
phenotype has already been established, while p21 expression increases rapidly in senescent cells
(Kong et al., 2011). In human fibroblasts, the p16 levels gradually increase while p21 levels fall several
weeks after the cultures reach senescence (Reviewed in Alcorta et al., 1996; Itahana et al., 2001; Stein
et al., 1999). Furthermore, Stein and colleagues found that p16 expression only increased after several
weeks of senescence and remained elevated for at least two months in human fibroblasts. Therefore,
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it is hypothesized that the increase in p16 expression is necessary to maintain the senescent phenotype
and growth arrest (Itahana et al., 2001; Stein et al., 1999). Based on this literature, we can assume that
7 days p.i. is too early to detect p16 protein expression in our samples. Lastly, the inability to detect
specific bands could also be due to technical problems during the western blot process. For example,
the quality of the antibody could have interfered with the result. To rule out this possibility, a positive
control should be used in future experiments.

4.5 HYDROCORTISONE

TREATMENT REDUCES NITRIC OXIDE PRODUCTION BY HUMAN

CORONARY ARTERY ENDOTHELIAL CELLS
NO is generated by eNOS and plays a critical role in vascular homeostasis. The production of NO by
endothelial cells is one of the most important anti-atherogenic processes (Fleissner and Thum, 2011).
The intracellular NO bioavailability was assessed in irradiated (2 Gy) and sham-irradiated (0 Gy)
hydrocortisone-treated HCAECs using the fluorescent NO-sensitive dye DAF-FM. After 72 h of
incubation (on day 0 of radiation exposure), the hydrocortisone-treated cells had significantly lower
NO levels compared to the untreated control cells. This result is in line with our expectations since the
results of the CPRG and MUG assay indicated significantly higher SA β-gal activity, thus more
senescence, in the hydrocortisone-treated cells on day 0 compared to the control cells. It is wellestablished that senescence decreases the expression and activity of eNOS in endothelial cells.
Reduced expression and activity of eNOS will consequently lead to lower NO bioavailability (Bernardini
et al., 2005; Matsushita et al., 2001). From the results from day 0 we can conclude that hydrocortisone
leads to lower NO bioavailability through senescence-mediated reduced expression and activity of
eNOS.
On day 7 p.i., there is no significant difference in NO levels between the irradiated and sham-irradiated
control cells. Irradiation induces senescence in HCAECs as indicated by the results of the CPRG and
MUG assay, although the difference is small. As mentioned above, senescence decreases eNOS
expression and activity leading to lower NO bioavailability. Therefore, we would expect lower NO levels
in the irradiated control cells compared to the sham-irradiated control cells. However, despite the
induction of senescence by ionizing radiation, there is also evidence that ionizing radiation can
influence the expression and posttranslational regulation of eNOS dose-dependently. More
specifically, Sonveaux and colleagues found that a dose of 6 Gy significantly increases the expression,
phosphorylation and activity of eNOS (Sonveaux et al., 2003). This could be a possible explanation for
the higher than expected NO bioavailability in the irradiated control cells. Also on day 7 p.i., the NO
levels in the hydrocortisone-treated irradiated and sham-irradiated HCAECs are significantly lower as
compared to respectively the irradiated and sham-irradiated control cells. This is in line with our
expectations since the results of the CPRG and MUG assay demonstrate that the hydrocortisonetreated cells display significantly higher SA β-gal activity compared to the untreated control cells.
However, like with the untreated control cells, the NO bioavailability is higher in the irradiated
hydrocortisone-treated cells compared to the sham-irradiated hydrocortisone-treated cells but the
difference is very small.

4.6 IRRADIATION

INCREASES CELL SIZE , SENESCENCE -ASSOCIATED

-GALACTOSIDASE

ACTIVITY AND P 21 EXPRESSION IN ENDOTHELIAL CELLS
An immunocytochemical staining was performed on sham-irradiated (0 Gy) and irradiated (2 Gy)
HCAECs treated with hydrocortisone. We found mostly SA -gal positive cells that increase in size after
irradiation. This is in line with our expectations because irradiation induces senescence in endothelial
cells and senescent endothelial cells have an enlarged and flattened cell morphology (Lee et al., 2006;
Rombouts et al., 2014; Singh and Piekorz, 2013; Yentrapalli et al., 2013a; Yentrapalli et al., 2013b).
Additionally, the results suggest that p21 localizes in the nuclei. This nuclear localization would be in
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accordance with the role of p21 as cyclin-dependent kinase inhibitor. It induces a cell cycle arrest which
is necessary to repair DNA damage caused by for example ionizing radiation (Cmielova and Rezacova,
2011). Lastly, all SA -gal positive cells also displayed p21 expression. This was also expected since p21
is an important protein in the senescence pathway and is upregulated in senescent cells (Itahana et
al., 2001; Kong et al., 2011).
Cell area as well as MUG and p21 intensities were quantified based on the raw images to reveal
quantitative differences between the various conditions. After 72 h of hydrocortisone incubation (on
day 0 of radiation exposure), there was a small but significant decrease in cell size in the
hydrocortisone-treated cells compared to the control cells. The reason for this reduction in cell size
remains unclear and needs further research. Also, there is no significant difference in SA -gal activity
between the control cells and hydrocortisone-treated cells on day 0. This result was not anticipated
since the results of the quantitative MUG assay show a significant increase in SA -gal activity after 72
h of hydrocortisone treatment. Additionally, the observation that 72 h of hydrocortisone treatment
does not induce changes in p21 protein expression is in contrast with the results of our western blot
analysis. There, we observed a significant decrease in p21 protein expression in the hydrocortisonetreated cells compared to the control cells. These discrepancies might be caused by the staining
conditions, which may need further optimization.
On day 7 p.i., there are significant increases in cell size, SA -gal activity and p21 protein expression in
the irradiated control and hydrocortisone-treated cells compared to respectively the sham-irradiated
control and hydrocortisone-treated cells. These results are in line with our expectations because it has
already been reported that irradiation induces senescence in endothelial cells (Rombouts et al., 2014;
Yentrapalli et al., 2013a; Yentrapalli et al., 2013b). The senescent endothelial phenotype is, amongst
other things, characterized by an enlarged and flattened cell morphology, increased SA -gal activity
and upregulation of p21 protein expression (Georgakopoulou et al., 2013; Lee et al., 2006; Singh and
Piekorz, 2013). However, no significant differences in cell size, SA -gal activity and p21 protein
expression could be observed between the control group and hydrocortisone-treated group for both
doses. Based on the results from the CPRG and MUG assay, we would expect increases in cell size and
SA -gal activity in the hydrocortisone-treated cells. In addition, we expected lower p21 protein levels
in the hydrocortisone-treated cells compared to the control cells based on the results of the western
blot analysis. The explanation for these unexpected results is unclear but since we were unable to
reproduce the results from other quantitative assays, it appears that the staining procedure needs
further optimization, like mentioned earlier.
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5

CONCLUSION

To date, the endothelial response to ionizing radiation is not fully understood. More specifically, the
pathways involved in radiation-induced senescence in endothelial cells remain unclear and need
further research. The aim of this thesis was to study the effect of various compounds on radiationinduced senescence in endothelial cells.
First, three different assays were used to detect radiation-induced senescence in endothelial cells. The
standard assay, CPRG assay and MUG assay gave consistent results, which indicated that the CPRG and
MUG assays are good alternatives for the standard assay. Therefore, these assays were used to
determine the effects of the different compounds on radiation-induced senescence in endothelial
cells. We found that irradiation with a dose of 2 Gy causes senescence in endothelial cells on day 7
post-irradiation. When studying the effects of the different compounds, we found that 10 days of
treatment with 1 µM rosiglitazone is not sufficient to prevent radiation-induced senescence in
endothelial cells. Furthermore, this prolonged treatment induces senescence, without the
involvement of ionizing radiation, probably by increasing the p27 protein levels. Treatment with
ascorbic acid did not induce senescence and could attenuate radiation-induced senescence, probably
through reduction of ROS formation after irradiation. Moreover, we found that 72 h of IGF-1 treatment
led to premature senescence in endothelial cells but irradiation did not have an additional effect on
senescence. This might be because both IGF-1 signaling and exposure to ionizing radiation activate the
PI3K/Akt/mTOR pathway, leading to premature senescence. Furthermore, we observed that
treatment with 0.4 nM atorvastatin was unable to induce significant differences in senescence.
Probably, this is due to the low concentration, which is much lower than the serum concentrations in
patients ranging from 2 nM to 100 nM. Hydrocortisone led to increased senescence after 72 h of
treatment and was unable to prevent radiation-induced senescence on day 7 after irradiation. Possibly,
hydrocortisone induces premature senescence by increasing the levels of p21 or p27, which are
involved in senescence pathways. Nevertheless, western blot analysis and immunocytochemical
stainings did not show an increase in p21 protein levels after treatment with hydrocortisone, although
the results were inconsistent. This indicates that hydrocortisone induces premature senescence
through a p21-independent mechanism, for example through the p16 or p27 senescence pathways.
However, further research is necessary to fully understand the mechanism of hydrocortisone-induced
premature senescence. Additionally, we found that hydrocortisone treatment reduces endothelial NO
production, which is in line with the increase in senescence observed with the CPRG and MUG assays.
Senescence will lead to endothelial dysfunction and therefore less NO production. Lastly, we observed
an increase in endothelial cell size induced by irradiation with a dose of 2 Gy, which is consistent with
a senescent phenotype.
To conclude, we studied the effects of various compounds on radiation-induced senescence in
endothelial cells but further in vitro and in vivo research is necessary to reveal their potential
radioprotective character. Finding a compound that could protect against radiation-induced
senescence of endothelial cells will improve our knowledge of the mechanisms involved in this process.
Additionally, it might benefit the research on radioprotective drugs.
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SUPPLEMENTARY INFORMATION

Figure S1: Overview of radiation doses and their units (Based on NEA OECD, 2011).

Day 0
CTRL - 0 Gy

HC - 0 Gy

Day 7 p.i.
CTRL - 0 Gy

HC - 0 Gy

CTRL - 2 Gy HC - 2 Gy

− 250 kDa

vinculin

− 150 kDa
− 100 kDa
− 75 kDa
− 50 kDa
− 37 kDa
− 25 kDa
− 20 kDa
− 15 kDa
− 10 kDa

Figure S2: Representative western blot for the analysis of p16 protein levels in irradiated HCAECs treated with
hydrocortisone. HCAECs were treated with hydrocortisone (100 ng/ml) from 72 h before irradiation until 7 days p.i. The cells
were irradiated with a dose of 2 Gy (0.5 Gy/min) or sham-irradiated. The expression of p16 was determined by western blot
after 72 h of treatment with hydrocortisone (day 0) and on day 7 p.i. No specific bands could be detected for p16. CTRL: control,
HC: hydrocortisone, p.i.: post irradiation.
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Table S1: Overview of different types of cardiovascular disease (World Heart Federation, 2016).

Types of cardiovascular diseases
Ischemic heart disease / Coronary artery disease

Angina pectoris
Myocardial infarction
Cerebrovascular disease / Stroke
(Congestive) heart failure
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Narrowing of the blood vessels supplying the
heart muscle, leading to reduced blood flow to
the heart.
Chest pain caused by reduced blood flow to the
heart.
Blood flow to a part of the heart is blocked
causing damage to the heart muscle.
Narrowing or occlusion of the blood vessels
supplying the brain.
Inadequate pumping of blood to the body
caused by damage to the heart muscle.

