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Abstract

Chronic kidney disease and cardiovascular diseases have a high prevalence in the developed
countries and are also rising in emerging countries. A direct result of kidney failure is
elevated protein-bound uremic toxin concentrations in the blood. While normal uremic
toxins are being successfully reduced in concentration by means of standard hemodialysis,
protein binding toxins accumulate in patients with chronic renal disease or kidney failure and

can ultimately result in cardiovascular diseases such as atherosclerosis.

In this project, the gene expression of ten toxin treated proteins of different types (cellular
adhesion molecules, enzymes, inhibitor proteins, cytokines, and receptors/cofactors) in
human coronary artery endothelial cell lines was monitored by a specifically designed
reverse transcription real time quantitative PCR assay using a novel, robust reference gene.
Besides testing for the regulatory effect by mentioned toxins, the effect of estrogen during

toxin incubation was investigated as well.

Many genes of interest show a typical reaction of toxic stimuli, while others seem to have
individual behavior granting room for interpretation. Some of the typical results were up-
regulation of pro-inflammatory genes such as ICAM-1, MCP-1, MMP-9, PAI-1, VCAM-1;
down-regulation of eNOS, and up-regulation of Tissue Factor thus increasing risk of thrombi
formation. The majority of cells incubated with estrogen showed typical cardio-protective

and anti-inflammatory effects when the genes of interest were significantly toxin stimulated.



Kurzfassung

In der westlichen Welt sowie zunehmend auch in den Schwellenldandern existiert eine hohe
Pravalenz an chronischen Nieren- sowie Herz-Kreislauferkrankungen. Aufgrund der
Nierendysfunktion entstehen hohe Konzentrationen an proteinbindenen Giftstoffen im Blut
der Patienten. Wahrend die Hamodialyse die Konzentration ,normaler” Toxine deutlich
reduzieren kann, funktioniert sie bei besagten Toxinen nicht zureichend. Die erhdhte
Konzentration dieser Giftstoffe verursacht langfristig weitere Nieren- sowie
Kreislauferkrankungen ~ wie  Atherosklerose. In  dieser Arbeit wurde das
Genexpressionsverhalten verschiedener, toxinbehandelter Proteine (Zelladhdsionsmolekiile,
Enzyme, Inhibitorproteine, Zytokine, und Rezeptoren/Co-Faktoren) in HCAEC Zelllinien unter
Verwendung eines neuartigen, robusten Referenzgens untersucht. Hierflir wurde ein eigens
entwickelter, quantitativer Revers-Transkriptions-Real Time PCR Assay eingesetzt. In
weiterer Folge, wurde der Einfluss von Ostrogen auf die Genexpressionen der

toxinbehandelten Zellen untersucht.

Viele Gene reagierten ganz typisch auf die Toxinreize, wahrend andere ein individuelles
Verhalten aufzeigten, welches Raum fiir Interpretationen gewahrt. Typische Ergebnisse
inkludieren Hochregulierung von entziindungsfordernden Genen wie ICAM-1, MCP-1, MMP-
9, PAI-1 und VCAM-1; Herunterregulierung von eNOS sowie Hochregulierung von Tissue
Factor, was die Thrombosegefahr steigert. Die mit Ostrogen mitinkubierten Zellen zeigten

bei einigen Genen die deutlich kreislaufschiitzende und entziindungshemmende Wirkung.



1. Introduction

1.1. General
Cardiovascular diseases (CVDs) including coronary heart disease / coronary artery disease
(CHD/CAD) are the leading cause of death in the world. The global share in cause of death is
estimated at around 30 % while the percentage in Austria is estimated at over 43 % (World

Health Organization, 2008).

Being a widely spread disease, year after year over 2 billion USD in research funding are
distributed across the U.S. National Institutes of Health (National Institutes of Health, 2013)
which results in big market opportunities for pharmaceutical companies. The FDA and EMA
already approved several new drugs relating to CVDs, CHD, and CAD this year (European
Medicines Agency, 2012; Food and Drug Administration, 2013).

Although there are over 100 approved pharmaceutical products on the market that target
CAD alone, the best treatment is still the preventive one. Risk factors are mainly divided in
varying and non-varying ones such as age, family history of CVD, sex and even race (Centers
for Disease Control and Prevention, 2012; Jousilahti, Vartiainen, Tuomilehto, & Puska, 1999;
Mackay, Mensah, Mendis, Greenlund, & World Health Organization., 2004). Varying factors
comprise 75 % of all risk factors and are attributed to our lifestyle including habits such as
indulging in an unhealthy diet, smoking, low physical activity, and alcohol abuse. These
habits can result in high blood pressure, obesity, type 2 diabetes, harmful concentrations of
lipids like high LDL-cholesterol or triglycerides and low HDL-cholesterol. Further risk factors
worth mentioning are preceding diseases, and conditions of psychological origin such as

depression, psycho-social stress and low socio-economic status (Mackay et al., 2004).

1.2. Cardiovascular and chronic Kidney diseases
The CVD atherosclerosis is the leading cause of death in patients with chronic kidney disease
(Sarnak et al., 2003). Progressive loss in renal function causes waste product accumulation in
the bloodstream which increases the chance of a drastic CVD break out. Hemodialysis is the
only way of reducing the toxin and waste concentration in the blood of a CKD patient.
Unfortunately, not all of the mentioned waste products can be efficiently removed via this
procedure. Some of these toxins bind very tightly to proteins like serum albumin thus

creating the previously mentioned complication in dialysis (Piroddi, Bartolini, Ciffolilli, &



Galli, 2013). Toxins and cellular dysfunction contribute to the calcification of arteries
(Fig. 1.1) that can lead to a myocardial infarction or stroke, depending on the location. One
pitfall is that atherosclerosis may develop silently without detection therefore leading to a

false perception of health.

A Control ApoE™ SM220-hDTR/ApoE™

H&E

Von Kossa

Fig. 1.1 Progressive thickening and calcification of an artery

A hematoxylin/eosin (H&E, top) and Von Kossa (bottom)
staining of brachiocephalic mouse arteries showing the area of
calcification in (Apo)E_/_ transgenic mice (left: accelerates
plaques formation) and the area of calcification around the
necrotic core of SMZZot-hDTR/ApoE'/' transgenic mice (right:
human diphteria toxin expression causing apoptosis, H&E: dark
blue, Von Kossa: black). Figures modified after (Clarke et al.,

2008).

1.3. Human coronary artery endothelial cells
The general term “endothelial cells” refers to a thin layer of cells surrounding a vascular or
lymphatic vessel containing the lumen. All endothelial cells in contact with blood form as
monolayers the vascular tunica intima which is the direct barrier between the bloodstream
and the surrounding tissue including the rest of the vessel. The endothelial cells that form
the tunica intima of coronary arteries of the human myocardium are therefore called human
coronary artery endothelial cells (HCAECs). Endothelial cells in general play a very important
role in hormone trafficking as well as the selective passage of materials to or from the blood.
Some endothelial cells have very distinct specializations for example cells in renal glomeruli
that are specialized in fluid filtration. Additional common functions are angiogenesis, which
is the formation of new blood vessels, the release of factors resulting in inflammation

(recruitment of neutrophil granulocytes), and blood coagulation including fibrinolysis and



thrombosis. A highly significant function of HCAECs is the production of nitric oxide (NO)
from L-Arginine and oxygen. When released into the bloodstream, the concentration of NO

causes change in the vascular tone through vasodilatation and vasoconstriction.

Several of the analyzed protein-bound toxins show endothelial specific toxicity which causes
endothelial dysfunction, leading to atherosclerosis (Jourde-Chiche, Dou, Cerini, Dignat-
George, & Brunet, 2011). Since the effects of protein-bound toxins on HCAECs are not yet
fully studied, it is important to understand if and which HCAEC specific gene expressions are

regulated by these toxins.

1.4. The estrogen 1713-estradiol
Estrogens are the main sexual hormones present in women. The primarily occurring
estrogens estrone (E;), estradiol (E;) and estriol (E3) are all androgen derived steroidal
hormones. This thesis will investigate the effect of (178-)estradiol on the toxin-GOI
expression interaction. Since the biological estradiol has a low in vitro stability, the synthetic
analog moxestrol is used, to which a methoxylation at the 11’-C-locus and an ethinylation at
the 17’-C-locus was performed (DuPont/NEN, Boston, US-MA), causing a higher stability and
half-life (Hermann, Seif, Schneider, & Ivessa, 1997). In view of the fact that statistics state a
lower prevalence of cardiovascular disease in pre-menopausal women than in men, some of
the regulatory results of toxin treated cells should be antagonized by estrogen. Many
regulatory effects of estrogens are well studied and documented, however since these
hormones cause a wide variety of regulations, they still remain a key component in many

field of research.

Fig. 1.2 R-estradiol (left) and moxestrol (right)



1.5. Proteins of interest

1.5.1. Endothelial nitric oxide synthase
The endothelial nitric oxide synthase (eNOS) is part of the family of nitric oxide forming
enzymes that also includes neuronal, inducible and bacterial Nitric Oxide Synthase (thus n-,i-,
bNOS). It is a homodimeric enzyme of which each monomer consists of an N-terminal
oxigenase domain and multiple C-terminal reductase domains. Due to its C-terminal multi-
domain region, it is the only known enzyme to bind to the cofactors calmodulin, flavin
adenine dinucleotide (FAD), flavin mononucleotide (FMN), heme and tetrahydrobiopterin
(H4B), which in addition to NADPH are needed for the formation of the reactive free radical
nitric oxide. Unlike iNOS and nNOS, which are found in the cytosol for the most part, eNOS is
the membrane associated isoenzyme found on the endothelial cell membrane as well as on
the membrane of the golgi apparatus. The membrane association is due to the
cotranslational N-terminal myristoylation and the post-translational palmitoylation (Liu,

Hughes, & Sessa, 1997).

The production pathway of NO is a five-electron oxidation of L-arginine to L-citrulline as

shown in the simplified equation below
2 (L — arginine) + 3 NADPH + 2 H* + 4 0, = 2 (L — citrulline) + 2 NO + 3 NADP*

while the pathway of the electrons through the cofactors can be visualized as

Calmodulin

NADPH - FAD - FMN ——  heme —» NOS (Roman et al., 2000)

Among other location and NOS dependent functions, the NO produced by eNOS regulates
through a signaling cascade the vascular tone by vasodilatation/vasoconstriction and
promotes smooth muscle relaxation hence often equated with the Endothelium-derived
relaxing factor (Sharma & Khanna, 2013). Further, it has been confirmed that NO functions in
negative feedback regulation through reversible inhibition particularly on eNOS (Griscavage,
Hobbs, & Ignarro, 1995). Although eNOS is constantly expressed from the NOS3 gene at a
basal level, it has been shown that molecules like endotoxins can have a regulatory effect on

the expression of eNOS (Zhou et al., 2000).



1.5.2. Intercellular adhesion molecule 1
Also known as cluster of differentiation 54 (CD54), ICAM-1 is part of the immunoglobulin
superfamily. It is a transmembrane glycoprotein with one extracellular N-terminal domain
facing away from the cell, the transmembrane domain and one C-terminal intracellular
domain. ICAM-1 is naturally expressed at low levels on endothelial cells, leukocytes and
macrophages thus playing an important role in innate immune response reactions and
inflammation. The overexpression of ICAM-1 can be induced via cytokines such as
interleukin-1 (IL-1) and tumor necrosis factor-a (TNF-a) not to mention also by endotoxins
(Burns, Takei, & Doerschuk, 1994). It reaches its maximum concentration after ~ 24 hours
which it can hold for up to 3 days (Leeuwenberg et al., 1992). When activated, the
lymphocyte function-associated antigen 1 receptor (LFA-1, an integrin) from the surface of
leukocytes binds to the extracellular domain of ICAM-1 and facilitates leukocyte
transmigration through the endothelium to the tissue (Hopkins, Baird, & Nusrat, 2004).
Some pathogens like rhinoviruses (common cold) and the parasite Plasmodium falciparum
(Malaria) use ICAM-1 as a mediator for passing through the vascular endothelium after

entering the blood stream (Chakravorty & Craig, 2005; Greve et al., 1989).

1.5.3. Monocyte chemotactic protein 1
MCP-1 is a small cytokine also known as chemokine C-C motif ligand 2 (CCL2) that acts as a
recruiter of various cells of the immune system. It is anchored on the outside of endothelial
cells via glycosaminoglycan side chains of proteoglycans hence being in direct contact with
the blood. The intracellular MCP-1 signaling is mediated by the G-protein linked C-C
chemokine receptors 2 & 4 (CCR2 & 4). The expression level varies depending on various
factors. The activation occurs by cleavage of the MCP-1 proprotein through matrix
metalloprotease 12 (MMP-12) whereupon it attracts dendritic cells, monocytes and T cells to
sites of inflammation and/or infection which in their turn also secrete MCP-1 to start an
attractive as to facilitate the recruitment of more cells (Carr, Roth, Luther, Rose, & Springer,
1994). Since atherosclerosis also causes inflammation of the thickened arterial site, MCP-1
plays a major role in involuntarily "luring" the cells to the inflamed site where it, together
with LDL-cholesterol and other plaque-forming materials, contributes to calcifying the

artery.



1.5.4. Matrix metalloprotease 2 & 9
Matrix metalloproteases are enzymes responsible for the breakdown of extracellular matrix
for example in embryonic development, tissue remodeling and disease processes.
MMP-2 & -9 both proteolytically digest type IV collagens. Since this type of collagen is mainly
found in the basal lamina of cell membranes, both enzymes play an important role in

facilitating the disintegration of the matrix.

MMP-2 has been shown to have an important role in the regulation of angiogenesis and
response to inflammation, while MMP-9 has been identified as a potential biological marker

for the development of some carcinomas (Colovic et al., 2013).

1.5.5. Plasminogen activator inhibitor 1
Due to the fact that PAI-2 is produced in the placenta and hence only at significant levels
during pregnancy, this paragraph will introduce the main representative of the four PAI
proteins, PAI-1. PAls are proteins that inhibit the activity of serine proteases, thus also the
name serpins. Therefore they regulate the activity of enzyme activating proteases by lock-
and-key competitive inhibition at the active site (Egelund et al., 1998). PAI-1 is primarily
produced by the liver and vascular endothelial cells but since it plays a crucial role in blood
clot lysis, the vast majority of it is found in thrombocytes. Plasminogen activator proteins like
tissue plasminogen activator (tPA) and urokinase-type plasminogen activator (uPA) are
responsible for the activity of plasmin, a serine protease regulating fibrinolysis. Both, tPA
and uPA are controlled via inhibition through PAI-1. The visualization in Fig. 1.3 shows the
pathway of the PAI-1 mediated activation. But it should be mentioned that a number of
activators and inhibitors as well as other enzymes such as the coagulation factor Xl and
kallikreins can proteolytically activate plasmin. Remarkably, when PAI-1 releases the
plasminogen activator from its inhibition, the precursor protein plasminogen is
proteolytically cleaved by t-/u-PA to the active serine protease plasmin (Castellino & Ploplis,

2005).



Plasminogen

inactive

factors/events that

stimulate fibrinolysis

pAlL  U-/t-PA s PAML u-/t-PA

inhibited active

Plasmin

active

Fig. 1.3 Role of PAI-1 in plasminogen/plasmin activation

Although events such as unwanted blood clotting trigger the release of PAI-1 from PA, other
stimuli such as TNF-a, TGF-B positively regulate the expression of PAI-1. It is also well
documented that PAI-1 levels are elevated in the elderly and that conditions such as obesity,
emotional stress, and vascular sclerosis cause an up-regulation (Yamamoto, Takeshita,
Kojima, Takamatsu, & Saito, 2005), not to mention in vitro co-cultivation of endothelial cells

with smooth muscle cells (Gallicchio et al., 1994).

In the active state, plasmin is able to digest a variety of blood plasma proteins but mainly
fibrin. Since the matured fibrin mesh is a matrix of many polymerized fibrin monomers, the
result of the plasmin digestion are many fragments with a wide range in molecular weight
(Fig. 1.4). The fibrinolytic reaction is also controlled by a variety of factors for example at the
plasminogen > plasmin step through inhibitors such as aj-antiplasmin and a;,-
macroglobulin. A further, non-reversible step is the degradation of plasmin either through
autoproteolysis or enzymatically by proteases like elastase and various matrix
metalloproteases (Waisman, 2003). The products of this degradation are anti-angiogenic
plasminogen fragments (AAPFs) including angiostatin, which has been well studied and is

researched for the use in cancer therapy as a growth blocker.



o fibrin
fibrin Plasmin degradation
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Fig. 1.4 Fibrin and plasmin degradation

The horizontal arrow visualizes the fibrin mesh breakdown by plasmin, while the vertical arrow

visualizes the plasmin degradation

1.5.6. E-selectin
Selectins are part of one of the four Ig-like superfamilies and are essentially cell adhesion
molecules. To this date, three types of selectins are characterized: E-selectin, which is solely
found on the surface of (stimulated) endothelial cells; L-selectin, which is found on
lymphocytes; and P-selectin, which is found on stimulated endothelial cells and stimulated
platelets. The difference between E- and P-selectin is not only the additional expression of P-
selectin on platelets, but also the difference in availability. E-selectin is (significantly)
expressed and secreted directly to the surface after stimulation of endothelial cells with
cytokines, endotoxins, TNF-a and IL-1 with a maximum after 6-12 hours ensuing a decline to
the baseline after ~ 24 hours (Leeuwenberg et al., 1992). P-selectin on the other hand, can
be stored in endothelial Weibel-Palade bodies and thrombocytic a-granules of inactive

endothelial cells and thrombocytes (Wagner, 1993).



1.5.7. Thrombomodulin
Thrombomodulin is an integral membrane protein involved in the regulation of blood
coagulation by acting as a cofactor to thrombin. Its extracellular domain modulates the
conversion of thrombin from a procoagulant to an anticoagulant enzyme thus converting
indirectly activated protein Ca from the precursor protein C. Finally, protein Ca reduces the
amount of functional thrombin by cleaving activated cofactors (V and VIII) of the coagulation
system. Thrombomodulin is mainly found on endothelial cells but is also expressed on

monocytes, some dentritic cells and mesothelial cells (Verhagen et al., 1996).

1.5.8. Tissue factor
While Thrombomodulin reduces blood coagulation, Tissue Factor enables it. Triggered by a
trauma such as tissue damage, the cryptic protein becomes coagulantly active and the
extracellular domain of this (mainly) transmembrane protein activates in combination with
factor Vlla the coagulation factor X. The now activated factor Xa activates the procoagulant
protein thrombin with the help of factor Va. The burst of thrombin in the bloodstream
results in a fast thrombus formation crucial to thrombosis (V. M. Chen, 2013). Located
mainly on subendothelial tissue cells, it is primarily cut off from the bloodstream however,
when injury occurs, the above mentioned cascade is activated (Konigsberg, Kirchhofer,
Riederer, & Nemerson, 2001). Two alternatively spliced products exist: the membrane-
bound and the soluble form. The latter lacks exon 5, thus exon 4 is directly spliced to exon 6.
Since the studied object in this thesis is the HCAEC, the primers for Tissue Factor in 3.1
where designed spanning the exon junction 5-6 hence resulting in no amplification of soluble

Tissue Factor.

1.5.9. Vascular cell adhesion molecule 1

Like other cell adhesion molecules, VCAM-1 is part of the immunoglobulin superfamily with
6-7 Ig-like domains. VCAM-1 is strongly expressed on endothelial cells after stimulation with
cytokines like TNF-a and IL-1 and facilitates the aggregation of macrophages and other
white blood cells to inflammatory sites. Therefore it not only is involved in atherosclerosis
and rheumatoid arthritis but it also has been well studied that tumor cells exploit CAMs like
VCAM-1 to pass the vascular barrier and infiltrate further tissue (Q. Chen, Zhang, &
Massague, 2011).



1.6. Uremic protein-bound toxins
The following will grant some insight into the toxins studied. All of the toxins examined are
either polyamines or organic compounds with aromatic groups. Seeing as how these toxins
are also found in healthy individuals, the concentration that is co-regulated by the kidneys is
of utmost importance. In the case of renal failure, the resulting waste accumulation also
increases the toxicity of those small molecular compounds. The fact that normal
hemodialysis is very inefficient in removing them calls for new techniques in lowering their
presence either through high-efficiency protein-leaking dialyzers, frequent/daily dialysis,
adsorption techniques or pharmacological therapy that lowers the formation rate of the
toxins or causes dissociation from the proteins and hence facilitates standard hemodialysis
(Piroddi et al., 2013). All structure figures were taken from Chemspider (Royal Society of

Chemistry).

1.6.1. Cadaverine

Cadaverine belongs to the alkanamine family and is also known

HZN\/\/\/NH2

Fig. 1.5 Cadaverine

under the IUPAC name 1,5-pentane-1,5-diamine. It is a foul-

smelling polyamine produced by protein hydrolysis during

putrefaction of animal tissue but in living beings, it is formed by intestinal bacterial
decarboxylation of lysine through lysine decarboxylase. Interestingly, it is detected even in
the central nervous system wherefrom the highest concentration was measured in the brain
during hibernation (Dolezalova, Stepita-Klauco, & Fairweather, 1974). It shows acute toxicity
when ingested, inhaled or absorbed by skin (National Institutes of Health & National Library
of Medicines, 2011) and like other polyamines, is involved in the cellular proliferation

regulation.

1.6.2. p-cresol
p-cresol is an aromatic organic compound derived from phenol known HO
under the IUPAC name 4-methylphenol. It is produced during nutritional
protein breakdown and excreted with urine. Therefore, renal dysfunction
causes p-cresol accumulation in the bloodstream. Besides being toxic, CH,
irritating and carcinogenic, it has been shown to tightly bind to Fig. 1.6 p-cresol
solubilized proteins causing increased amounts of free p-cresol and simultaneously

hypoalbuminemia (De Smet et al., 2003). Furthermore, phagocyte function is being inhibited



and the adhesion ability of leukocytes to cytokine stimulated endothelial cells is being

reduced, hence facilitating pathogenic infection (Brunet, Dou, Cerini, & Berland, 2003).

1.6.3. Hippuric acid
This compound is a carboxylic acid formed from benzoic acid
and glycine, thus the trivial name N-benzoylglycine. 4 i
Furthermore, it is formed after being exposed to aromatic \g/\N

compounds such as toluene or benzol over benzoic acid t0 (g 1.7 Hippuric acid
hippuric acid, to then be excreted through the urinary system

(Pero, 2010). A further source of educts for hippuric acid formation is plant based foodstuff
containing quinic acid. Research has also shown, that hippuric acid is highly toxic for
microbial pathogens hence the beneficial moderately elevated levels in urine during a
bacterial urinary tract infection (Raz, Chazan, & Dan, 2004). Other research has shown, that
high concentrations of hippuric acid have an inhibitory effect on glucose exploitation in the

muscle, as well as a high serum concentration is also correlated with neurological symptoms

of uremia (Brunet et al., 2003).

1.6.4. Indoxyl sulfate

Indoxyl sulfate is an aryl sulfate produced as a secondary metabolite ?\
from dietary protein breakdown (The European Bioinformatics "‘?(\;OH
Institute, 2012). It is a circulating uremic toxin that has been proven to N
accelerate the progression of renal failure by inducing glomerular ﬁ

. . .. . . . . i Fig. 1.8 Indoxyl sulfate
sclerosis and interstitial fibrosis (Aoyama, Miyazaki, & Niwa, 1999;

Brunet et al., 2003). Further negative effects of indoxyl sulfate are the induction of free
radicals in smooth muscle cells and vascular endothelial cells as well as the reduced
production of nitric oxide in endothelial cells by inhibition of nitric oxide synthase. In
addition, it elevates the senescence of cells and promotes aortic calcification and aortic wall
thickening in combination with hypertonia. Regarding these highly negative effects of
indoxyl sulfate, the significantly elevated levels of this nephro-vascular toxin in the blood

system is very detrimental (Niwa, 2010; Niwa & Shimizu, 2012).



1.6.5. Phenylacetic acid
This carboxylic acid occurs in fact naturally in plants as an auxin and
secondary metabolite. In humans, it is either produced by oxidation from
phenethylamine by monoamine oxidase, intestinal bacteria such as the HOo
Group 1V Clostridium botulinum (Collins & East, 1998) or simply by exposure o}
to environmental phenylacetic acid. At increased levels such as in patients :Lit_clid"henvl-
with end-stage kidney dysfunction, it inhibits the expression of inducible o
nitric oxide synthase (iNOS) which indirectly lowers the nitric oxide concentration in the
blood. Since nitric oxide has a preventive effect against inflammation, this inhibition most
likely contributes to increased atherosclerosis (Jankowski et al., 2003). Previously, it has also
been determined that phenylacetic acid noncompetitively inhibits the plasma membrane
bound Ca2* ATPase of patients with chronic kidney disease thus resulting in pathological Ca®*
accumulation within tissues. This kind of accumulation may be associated with cerebral
symptoms of uremia as well as derangement of the parathyroid hormone metabolism (Arieff

& Massry, 1974; Jankowski et al., 1998).

1.6.6. Putrescine
Putrescine is a polyamine like cadaverine except with butane as the T
. . .. .. HZN/\/\/ i
base alkane (Butane-1,4-diamine). Its effects, toxicity and origin are )
Fig. 1.10 Putrescine

also similar to cadaverine including the fouling smell. Furthermore,

polyamines such as putrescine, spermidine and spermine are shown to inhibit erythropoietin
and reduce erythropoiesis at concentrations found in patients with renal failure.
Subsequently, the lower erythropoietin concentration leads to pathogenic renal anemia

(Yoshida et al., 2006).

1.6.7. Spermidine

This is a polyamine with a significantly higher molecular weight "
2 V\/\NNNHZ

than cadaverine and putrescine. It contains three aminyl groups .
Fig. 1.11 Spermidine

and is synthesized from putrescine via spermidine synthase that

uses S-adenosylmethioninamine (SAM) as the propylamine donor. Like putrescine, it
negatively affects erythropoiesis but also inhibits neuronal nitric oxide Synthase (Hu,
Mahmoud, & el-Fakahany, 1994). The latter could be caused by the fact that putrescine,
spermidine and spermine share some basic structural features with L-arginine, which is an

oxidation substrate of nitric oxide synthase. Therefore, as opposed to the noncompetitive



inhibition of erythropoietin, the inhibitory mechanism applied here is competitive. The rank
in order of decreasing K; and therefore increasing inhibition potency is putrescine <

spermidine < spermine.

1.6.8. Spermine

Transferring another propylamine group from SAM to
HZN\/\/NH\/\/\NH/\/\NHz

Fig. 1.12 Spermine

spermidine by spermine synthase produces spermine. While
it also is responsible for cellular metabolism, similar to the
precursor molecules it inhibits erythropoietin and nitric oxide synthase. From the mentioned
polyamines cadaverine, putrescine, spermidine and spermine, the toxicity increases in the

order of the molecular weight (Til, Falke, Prinsen, & Willems, 1997).



2. Aim of the thesis

The objective of this thesis is divided into two experimental parts. In experiment one, the
affects of the toxin cocktail, consisting of all toxins from 1.6 with each having a
concentration of 100 mM, are studied on the genes of interest from 1.5. It is known that
certain environmental substances (e.g. endotoxins of gram-negative bacteria, TNF-a) cause a
strong gene regulation for certain genes. Considering the previous facts and the symptoms
patients experience, it is expected that the toxin cocktail should also trigger some regulation

in gene expression.

As already mentioned in 1.1, patient gender plays an important role in the level of risk for
cardiovascular diseases. Studies show, that due to a significantly higher estrogen
concentration, premenopausal women are less prone to succumb to cardiovascular diseases
(Jousilahti et al., 1999). Therefore, in experiment two, the influence of moxestrol (synthetic
17B-estradiol/E; analog) in physiological concentration on the cells is studied, and the data is

compared to experiment one.

The combined aim is to detect gene regulation caused by the toxins and/or estrogen.



3. Materials and Methods

3.1. Assay validation
3.1.1. Primer design
The primers for the genes of interest (GOI) and the potential references genes (RG) were
designed using NCBI’s Primer-BLAST tool. Firstly, the appropriate NCBI NM accession
numbers were queried to be used as templates for Primer-BLAST (Tab. 3.1). The settings for
the primer jobs were set to span exon-exon junctions to avoid genomic DNA amplification.
Furthermore, the melting temperatures were set to reach an optimal PCR annealing
temperature of 60°C + 3°C later on. Since the primers of the reverse transcription step are
(dT)1s oligonucleotides, the designed PCR primers had to be complementary to a region as
close as possible to the 3’ end and therefore the polyA-tail of the gene. This is done to
minimize the errors caused by inefficient elongation caused by the reverse transcriptase. The
primers were also designed to produce amplicon sizes of 70 — 200 bp (exceptionally up to
270 bp). To estimate the thermodynamic probability of hairpin and homo-/hetero dimeric
formation, the selected primers were benchmarked using the OligoAnalyzer 3.1 tool
(Integrated DNA Technologies Inc., Coralville, US-1A). Ultimately, the primers were ordered

at Biomers.net GmbH (Ulm, DE).

Tab. 3.1 Primer overview

gene NCBI Accession # fwd primer rev primer

B2M NM_004048.2 agatgagtatgcctgeecgtg  tcatccaatccaaatgegge
G6PDH NM_000402.3 aaacggtcgtacacttcggg  tccgactgatggaaggcatc
GAPDH NM_002046.4 gtcagccgcatcttcttttge agttaaaagcagccctggtga
HUWE1 NM_031407.5 aggttcctccggtttagget ccatgggtgattcctccctc
POLR2A NM_000937.4 gaggagtttcggctcagtgg  tggcagacacaccagcatag
RPL37A NM_000998.4 gatctggcactgtggttcct gatggcggactttaccgtga
eNOS NM_000603.4 atcccccggagaatggagag  agtgggtctgagcaggagat
ICAM-1 NM_000201.2 tgatgggcagtcaacagctaa ggcagcgtagggtaaggtt
MCP-1 NM_002982.3 gcagccaccttcattcccca cacagatctccttggccacaat
MMP-2 NM_004530.4 tgatggcatcgctcagatcc ggcctcgtataccgcatcaa
MMP-9 NM_004994.2 acgacgtcttccagtaccga ctggttcaactcactccggg
PAI-1 NM_000602.4 cacaaatcagacggcagcac gagctgggcactcagaatgt
SelE NM_000450.2 gactttctgctgctggactct tagtaggcaagaagggccaga
TF NM_001993.4 gagtacagacagcccggtag  agtagctccaacagtgcttcc
THBD NM_000361.2 acatcctggacgacggtttc cgcagatgcactcgaaggta
VCAM-1 NM_001078.3 aattccacgctgaccctgag — ggccaccactcatctcgatt




3.1.2. Cell preparation
The cryopreserved HCAECs (cat. no. C-12221) were provided by PromoCell GmbH
(Heidelberg, DE), cultivated in Endothelial Cell Growth Medium MV (PromocCell), and
passaged according to standard cell culture procedures. Only passages between 5 and 10
were used for the following experiments. The growth conditions were kept constant at 37°C
and 5% CO, throughout the experiments. To assess the molecular biological conditions in the
subsequent experiments, cells were seeded into two 75 cm? flasks. After reaching ~80%
confluence, cells from one flask were incubated for 18 hours only in HBSS medium
containing 100 pg/l HSA (Sigma-Aldrich), and served as the control cells. The other cells
where incubated in HBSS/HSA medium also containing the toxin cocktail (Tab. 3.2) of 100
mM each. All toxins, the HBSS medium and HSA were provided by Sigma-Aldrich Corp. and
its subsidiaries (St. Louis, US-MO).

Tab. 3.2 Toxins in their commercial form

Substance

Cadaverine.2HCI

p-Cresol

Hippuric acid 98%
(Potassium-) Indoxyl sulfate

Phenylacetic acid
Putrescine.2HCI
Spermidin.3HCI
Spermine.4HCI

Afterwards, the cells where harvested and centrifuged at 500 rcf for 3 mins, the resulting
pellet which was used for the RNA isolation process, was purified based on silica membrane
spin column technology using the GenelJET RNA Purification Kit (Thermo Fisher Scientific,
Waltham, US-MA). The isolation of total RNA was conducted according to protocol which
consists of cell lysis with a lysis buffer containing 40 mM dithiotreitol (DTT) and several
washing steps with two different washing buffers, both containing ethanol. The elution was
performed in 100 ul nuclease-free molecular grade water, which was provided with the kit.
Subsequently, the RNA concentration was assessed in optical duplicates (Tab. 3.3) by means

of the NanoDrop 2000 UV/VIS Spectrophotometer (Thermo Fisher).



Tab. 3.3 Total RNA concentration

sample conc. [ng/ul] Ao/ Azso
control cells (C) 115 1,95
treated cells (T) 46 1,87

All steps involving enzymes and/or nucleic acid solutions where conducted on a 0°C cooling

block.

Prior to further handling, the RNA-concentration of (C) was diluted 2,5 fold with DEPC-water
to result in an RNA concentration of ~ 46 ng/ul. Since assay performance is also influenced
by template concentration and not merely physical parameters, this dilution step was
performed proceeding further experiments rather than between reverse transcription (RT)
and PCR/Real-Time PCR (gPCR). The successive steps were performed in triplicates (Ca,b,c;

Ta,b,c) to evaluate the intra-assay variance.

3.1.3. Digestion of genomic DNA and Reverse Transcription
To assess the necessity of gDNA removal from the experiments, the six reaction samples
underwent DNase | digestion in presence of 10 mM MnCl, (Tab. 3.4). In presence of Mn**
ions, DNase | randomly cleaves both DNA strands resulting in blunt or sticky ends with very
short overhangs (Fig. 3.1, top). Therefore the use of Mn?* ions were preferred over Mg
ions, which only causes the DNase to cleave each DNA strand independently and randomly

(Fig. 3.1, bottom) thus not fragmenting the DNA.

Tab. 3.4 Reaction set-up for gDNA digestion
per assay

L3 LN
[4

reagent volume A Mg"

Eluate, total RNA 20 ul=920 ng
10X reaction buffer 3 pl

MnCl, 100 mM 3ul P — phosphats
RiboLock 1u/ul 1yl

g ¥
DNasel  1u/pl 1l 2 5
DEPC-H,0 2 ul dsOna l Mn™
Total 30 pl
P —phosphate

Fig. 3.1 Comparison between DNase |
activity in presence of Mg®" (top) and
Mn?* ions (bottom)

(Thermo Fisher Scientific Inc., 2013)



The assays were incubated on a heat block for 30 minutes at 37 °C. Since heating up RNA in
presence of bivalent ions has a RNA-degrading effect, prior to the DNase inactivation step, 9
pul 50 mM EDTA were added. The DNase | inactivation was performed for 10 minutes at
65 °C. Due to compulsory template dilution, the concentration is estimated at 24 ng/ul in a

volume of 39 pl/sample.

Subsequently, the whole solution was used for reverse transcription. For easier dispensing
and less pipetting variability, two premixes where created. The sample premix (Tab. 3.5a),
which consisted of primers and nucleotides, and the enzyme premix (Tab. 3.5b), which
consisted of the enzymes and buffer. After the sample solutions were added to the pre-
dispensed sample premix, the enzyme premix was added and the solution was mixed by up

and down suction with the pipette and then subsequently spun down.

Tab. 3.5a Sample premix composition per assay Tab. 3.5b Enzyme premix composition per assay
reagent volume reagent volume
Oligo (dT) primer 100 uM 4 pl 5x RT buffer 16 pl
dNTP Mix, 10 mM each 4 ul RiboLock 40 u/ul 2 ul
DEPC-Water 11 pl Rev. Transcriptase 200 u/pl 4 pl

Total 19 pl Total 22 ul

The incubation was performed thereafter for 30 minutes at 50 °C followed by an inactivation
step at 85 °C for 5 minutes. The total end volume was 80 ul/sample with a total initial

template concentration of approximately 11,5 ng/ul.

3.1.4. Determination of optimal PCR conditions
As stated in 3.1.1., the primers were designed to have an annealing temperature of ~ 60 °C.
To check the optimal annealing temperature, gradient PCR experiments using the Multigene
Gradient thermal cycler (Labnet Inc., Edison, US-NJ) were conducted. An automated gel
electrophoresis on the ScreenTape DS12 running on the 2200 TapeStation (both Agilent
Technologies Inc., Santa Clara, US-CA) was also performed. Given that all primers were
designed to have a similar melting temperature, the range test for the annealing
temperature using MyTaq DNA Polymerase (Bioline Reagents Ltd., London, UK) was firstly
performed with primers for Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and f3,-
microglobulin (B2M). The thermocycler was programmed to have a gradient T, consisting of

53,9-56,3-57,8-60-61,9 — 64,3 °C (Tab. 5b). The reaction concentration of the primers



was chosen to be 200 nM each (Tab. 3.6a). After diluting the cDNA solution 10 fold, 2 pl

were used as template.

Tab. 3.6a PCR reaction set-up Tab. 3.6b PCR cycling conditions
reagent volume cycles temperature time
5x Buffer 10 pl 1 95°C 2'
fwd primer 1 ul 30 95°C 15"
rev primer 1ul 53,9-64,3°C 15"
Polymerase 5 u/ul 0,5 pl 72°C 10"
ddH,0 35,5 ul 1 72°C 10'
Total 48 ul

After narrowing down the optimal annealing temperature range, the gradient PCR assay was
repeated including primers of all GOIs and RGs and the gradient T, was set to 58 — 59,9 —
62,3 °C.

3.1.5. Reference gene selection
Since the RNA source of this research project is the endothelial cell, the use of one robust
reference gene suffices. As a result, all potential reference genes with specific amplification
tested in 3.1.4 were also benchmarked via a real-time PCR (Tab. 3.7b) with a consecutive
standard melting-curve analysis ranging from 60 to 90 °C. All samples (3x C & 3x T) were
therefore processed as individual samples and 1 ul per sample was used as template at all
times. Using only the primers for the reference genes, that passed the specificity testing in
3.1.4, the amplification was performed with the Maxima SYBR Green 2x gPCR Master Mix
(Thermo Scientific) on the ABI 7500 Real-Time PCR System (Life Technologies Inc., Carlsbad,
US-CA). Since qPCR offers a variety of detection methods, due to economical reasons, a

ready to use qPCR Kit containing SYBR Green | was chosen.

Tab. 3.7a Real Time PCR reaction set-up Tab. 3.7b Real Time PCR cycling conditions
reagent volume cycles temperature time
2x gPCR Master Mix 12,5 pl 1 95°C 10'
fwd primer 0,75 ul 40 95°C 15"
rev primer 0,75 ul 60°C 30"
ddH,0 10 ul 72°C 32"
*
Total 24 pl Instrument & assay dependent variation of the

reading time (31-33"), given by the software



The resulting amplification and melting curves were examined visually and the cycle of
threshold (Ct) values were subjected to statistical analysis using Medcalc (MedCalc Software

bvba, Ostend, BE) and Microsoft Excel.

3.1.6. Relative primer efficiency
Although all chosen primers performed well, some did better than others. Hence the best
and the two worst performing where benchmarked against the selected reference gene.
Consequently, gPCR assays containing five different amounts of template (48 —24-4,8-2,4
—0,48 ng) were performed. Their AC; relative to the RG was plotted against the template
amount and their slope was calculated. A slope of 0 represents identical primer efficiencies

between tested GOl and RG. Slopes between -0,1 and 0,1 are acceptable.

3.2. Experiments
The cell preparation was conducted similar to 3.1.2 with the exception of the toxin treated
cells. To track eventual gene regulatory trends, the four flasks had different incubation times
(2 - 4 - 6 - 24 hours). After each individual incubation step, the cells were harvested and
stored at — 80°C until all samples were ready to undergo the RNA isolation process resulting
in 100 pl eluate per sample. The total RNA concentration was again measured using the
NanoDrop 2000. Further, the investigation of gDNA traces in the pre-RT eluate showed no
amplification of gDNA except for Thrombomodulin, which has only one exon. The
experiment determined the ratio of gDNA/mRNA template impurity for Thrombomodulin to
be at 1:1.000 or 0,1 %. Since the gDNA digestion assays diluted the template drastically and
caused great variation, in agreement with the supervisors, the impurity was considered
insignificant and acceptable; therefore the experiments were conducted without removal of
gDNA. The experiments were numbered as 1 (without E, incubation) and 2 (with E,

incubation).

3.2.1. Experiment 1
Cell preparation and reverse transcription
Cells were cultivated, treated and harvested analogously to 3.1.2 except with incubation
times of both controls and toxin treated cells of 2 - 4 - 6 - 24 hours. RNA isolation was
performed as described in 3.1.2 resulting in 100 pl RNA-solution/sample of which the
concentration was determined using the NanoDrop. Tab. 3.8 shows concentration and

quality of the eluates.



Tab. 3.8 Total RNA concentration

sample conc. [ng/pl]  Azeo/Azs0
K2 572 2,01
K4 707 2,06
K6 911 2,01
K24 131 1,96
T2 513 1,99
T4 351 2,01
T6 462 2,01
T24 192 2,04

Subsequently, the samples were prepared for reverse transcription. A special sample premix

was mixed for each sample (Tab. 3.9a) which was afterwards divided into triplicates for

intra-assay variation assessment. During this step, the concentrations were also adjusted to

a similar level. One premix was for three reactions/sample thus creating triplicates. Since the

enzyme composition is the same for all, one master mix (Tab. 3.9b) was made for all

samples.

Tab. 3.9a Sample premix per sample

dilution of samples [l RNA + pl DEPC-H,0]
reagent vol. [ul] | KO,K24 K2,T2,T6 K4 K6 T4 T24
Eluate, diluted 50 50+0 12 + 38 9+41 7+43 18+32 32+18
Oligo(dT)-Primer 100 pM 4
dNTP Mix 4
10 mM each
Total 58
Total/reaction
("'1,4-/1,7 ug RNA) 14,5

Tab. 3.9b Enzyme mix per reaction

reagent vol. [ul]
5x RT Buffer 4
RiboLock 40 u/ul 0,5

RT 200 u/pl 1

Total 5,5

After preparing the mixtures, 14,5 ul from each sample premix was taken and divided into

three reactions (replicate a-c). 5,5 ul enzyme mix was then added to it. Subsequent up and



down suction with a pipette insured careful homogenization of the reagents. The incubation

was performed at 50°C for 30 minutes with a final inactivation step of 85°C for 5 minutes.

Real Time PCR and data analysis

As determined in 3.1 and suggested by the manufacturer of the qPCR reagents, 1 ul of the
cDNA solution was used as template. To minimize pipetting variation that comes with
repetitive handling of small liquid volumes, the water and template volumes for the gPCR
master mix described in 3.1.5 were adjusted. Each gene from each sample has to be
relatively quantified hence resulting in a great source of handling error and therefore data
variation. To avoid such complications, the cDNA solution was diluted 10-fold resulting in a

greater handling volume. Hence, the water ratio in the master mix was reduced (Tab. 3.10).

Tab. 3.10a Real Time PCR reaction set-up Tab. 3.10b Real Time PCR cycling conditions

reagent volume cycles temperature time

2x gPCR Master Mix 12,5 pl 1 95°C 10'

fwd primer 0,50 pl 40 95°C 15"

rev primer 0,50 pl 60°C 30"
ddH,0 1,50 pl 72°C 32"*
Total 15 pl ) 31-33", given by the software, see Tab. 3.6b in 3.5.1

A separate master mix was created and pre-dispensed for each gene into a 96-well PCR plate
to which 10 pl diluted cDNA template was added and mixed by up and down suction, thus
creating a sample vs. gene matrix as exemplified in Tab. 3.11. Succeeding the gPCR run,

standard melting curve analysis was performed ranging from 60°C - 90°C.

Tab. 3.11 Example of a qPCR plate sample matrix

RPL37A eNOS ICAM-1 MCP-1 MMP-2 MMP-9 PAI-1 SelE TF ™ VCAM-1

K#a
K#b
K#c
THa
THb
THc
ntc

Raw data analysis was performed using the system's SDS Software (v. 1.4). While the
baselines were set to be chosen automatically according to the curves’ kinetics, the

thresholds were set manually to the beginning of the exponential phase of the amplification



curve. The calculated values (Ct, Tm) where exported as “comma separated value" text files

(.csv) and imported in Microsoft Excel.

The analysis of the Ct-values was performed using Microsoft Excel, implementing the 2724¢¢
method (Livak & Schmittgen, 2001). This method was chosen due to its accurate calculation
taking into account biological variation. Seeing how it requires a reference gene as well as an
untreated control, the reference gene in this experiment (RG, called calibrator in the above
publication) is RPL37A. The control is the extract of the untreated cells of the given
incubation time.

AAC: = (Ct,GOI - Ct,RG)treated - (Ct,GOI - Ct,RG)control

The fold change is being calculated by putting 2 to the power of the negative AAC;, as

Z—AACt

previously mentioned. In case is below 1, the negative fold change is calculated as

~ Saace This transformation is necessary to avoid fold changes between -1 and 1. By

definition, a fold change of 1 means no change while >1 represents up-regulation and <-1
represents down-regulation. Values between -1 and 1 are therefore not permitted. For fold
change visualization, the values have been corrected to have 0 as the reference point

(e.g.-1,8 =2 -0,8; 2,3 = 1,3) and plotted against the toxin incubation time.

3.2.2. Experiment 2
This experiment differs from the previous one by studying the influence of estrogen on the
toxin - GOI interaction. Cell preparation was conducted similar to experiment 1 with the
exception of a 24 h pre-incubation and continuous incubation with 50 nM moxestrol during

toxin treatment.

Tab. 3.12 Total RNA concentration

sample conc. [ng/pl]  Ajeo/Azso

KE2 970 2,00
KE4 680 2,05
KE6 460 2,01
KE24 300 2,00
TE2 550 2,08
TE4 555 2,05
TE6 320 2,00
TE24 350 2,07

Subsequently, the samples were prepared for reverse transcription as in experiment 1.



Tab. 3.13a Sample premix per sample

dilution of samples [pl RNA + pl DEPC-H,0]
reagent vol. [pl] KE2 KE4 KE6  KE24, TE6, TE24 TE2, TE4
Eluate, diluted 50 6,4+43,6 8,8+41,2 14+36 20+30 12+38
Oligo(dT)-Primer 100 pM 4
dNTP Mix 4
10 mM each
Total 58
Total/reaction 145
(~1,4-1,7 ug RNA) ’

Tab. 3.13b Enzyme mix per reaction

reagent vol. [ul]
5x RT Buffer 4
RiboLock 40 u/ul 0,5

RT 200 u/ul 1

Total 5,5

The mixtures were again divided into three reactions (replicate a-c) and 5,5 pl enzyme mix
was added to each reaction setup. After mixing, the incubation was performed at 50°C for 30

minutes with a final inactivation step of 85°C for 5 minutes.

Subsequently, the 10 fold dilution, gPCR and raw data analysis was performed exactly as in

experiment 1.



4. Results & Discussion

4.1. Assay validation
4.1.1. Reference gene
The mentioned reference gene candidates were recommended by numerous publications as
more stable alternatives to traditional reference genes such as GAPDH, which can have a
high variability (Maltseva et al., 2013). As shown in Tab. 4.1, from all RGs only R2M, GAPDH
and RPL37A resulted in specific amplification, with minor primer dimer formation from the

GAPDH oligonucleotides.

Tab. 4.1 Overview over the specificity of the reference gene candidate primers

Ladder B2M G6PDH GAPDH HUWE1 POLR2A RPL37A
bp 120 bp 160 bp 125 bp 182 bp 178bp 91 bp
1500 top — = B jrevwmerwe == [ | |—}
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700 e
500 e
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The qPCR application of these three candidates resulted in smooth amplification curves with
the exception of an apparent technical inhibition of exactly the same replicate in 82M and
GAPDH. Nevertheless, magnification of the region of threshold results in a preliminary visual
graduation of variation (Fig. 4.1 & 4.2) indicating that RPL37A would be the best choice as a

normalizing gene for this project.
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Fig. 4.2 Close-up on the region of threshold

This figure emphasizes the visually assessed robustness of RPL37A. The cycle range is 4 cycles

35



The statistical analysis of the Cts that were conducted using Medcalc, ultimately confirms
the suitability of RPL37A as the reference gene. Due to the apparent inhibition in one of the
samples, which caused errors in the $2M and GAPDH reactions, the calculations of standard
deviations and variations were performed without them and plotted together with statistical

dataset properties on box-and-whisker plots.

Tab. 4.2 Statistical properties of the RG selection experiment

N Mean Variance SD Median Minimum Maximum
w/ outliers
R2m 6 20,65 5,10 2,26 19,94 19,33 25,22
GAPDH 6 19,45 8,91 2,98 18,32 18,03 25,57
RPL37A 6 17,43 0,01 0,12 17,39 17,32 17,60
w/o outliers
R2m 5 19,74 0,11 0,34 19,84 19,33 20,04
GAPDH 5 18,28 0,06 0,25 18,16 18,03 18,60
RPL37A 6 17,43 0,01 0,12 17,39 17,32 17,60
Box-and-whisker Box-and-whisker

26F . 20,5F

251 : 20,0}

24

I 19,5+
23 - pr— —
2oL 19,0F
8} - )

21} 18,5 Q

of 180}

1 -

I [———]
17 - 1 1 1 1710 - 1 1 1
B-2-M GAPDH RPL37A B-2-M GAPDH RPL37A

Fig. 4.3 Box-and-whisker plots of the Ct values with and without outliers

The aberrant Ct values are clearly outside the 3 SD range calculated without them. In the absence of the deviant Ct values,

the variance of RPL37A is still significantly smaller than that of 82M and GAPDH.



The subsequent melting curve analysis (Fig. 4.4) shows no detectable unspecific

amplification or primer dimer formation.

melting curve analysis

1,8
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1,4 / \
1,2 f
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Fig. 4.4 Melting curves of RPL37A replicates

Regardless of toxin treatment, all replicate show similar melting points in the range around 81 °C. Further, no significant

amplification of unspecific products or dimeric products is detected.



4.1.2. Genes of interest
The adjustment of the optimal annealing temperature to 60 °C resulted in specific

amplification of the cDNA template of the genes of interest (GOIs) as shown in Fig. 4.5.
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Fig. 4.5 Overview of the GOl amplicons
All primers show specific amplification

The suitability of the primers for gPCR application was determined to be acceptable, even
for those generating amplicons greater than the recommended 70-200 bp range (Bio-Rad
Laboratories, 2006). To minimize the probability of mispriming to an undesired template and
oligonucleotides, some primers had to be designed slightly larger. During the assessment of
gPCR suitability, the amplicon melting temperatures (Tms, Tab. 4.3) have been determined
to be over the Tms of the primers from negative template controls (ntc), if at all amplified

(data not shown).

Tab. 4.3 Melting temperatures of the genes of interest

Gen m Gen Tm
eNOS 81,2 PAI-1 82
ICAM-1 81,6 SelE 79,4
MCP-1 80,9 TF 78,6
MMP-2 83,1 ™ 82,7
MMP-9 79,4 VCAM-1 78,6




The relative primer efficiency testing (3.1.6.) was needed to compare the amplification of
the GOIs and the RG. The satisfactory results are presented in Tab. 4.4 while Fig. 4.6

visualizes them.

Tab. 4.4 Numerical results of the relative primer efficiency assessment

Ct
Template [ng] | RPL37A(R) eNOS(e) TM(T) VCAM(V) AR e AR T AR V
48,00 15,92 22,46 23,63 27,31 6,55 7,72 11,39
24,00 16,90 23,48 24,80 29,02 6,58 791 12,12
4,80 19,23 25,86 27,20 30,84 6,63 7,96 11,60
2,40 20,34 26,98 28,28 32,06 6,63 793 11,72
0,48 22,75 29,18 30,42 3404 642 7,67 11,29

mean: 6,56 7,84 11,62
sdev: 0,08 0,13 0,32
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Fig. 4.6 Relative efficiency plot

This chart shows the primer efficiencies of eNOS (e), thrombomodulin (T) and VCAM-1 (V)

relative to the primer efficiencies of RPL37A.

Due to the slope ranges being between -0,1 to 0,1, the primer efficiencies are to be

considered comparable.



4.2. Experiments
The following charts will visualize the expression behavior of the GOls. In each chart, the
lighter color represents experiment 1 (without E, treatment) while the darker color
experiment 2 (with E; treatment). The data used for the visualization was constructed by

applying the 2724¢t method using the treated and untreated cells of each incubation time.

4.2.1. Endothelial nitric oxide synthase

As described earlier (Zhou et al., 2000), endotoxins down-regulate the expression of eNOS.
The typical response to inflammatory/toxin stimulation is also demonstrated in the
experiments performed (Fig. 4.7). Indoxyl sulfate might be the main reason for this result
since it significantly reduces the expression of eNOS. Notably, in the cells with long term
toxin treatment (24 h), eNOS seems to even surpass its initial level. Since eNOS has a

negative feedback control regulation with NO, this might explain the late up-regulation.
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Fig. 4.7 eNOS expression charts



As opposed to the results without E; treatment, estrogen expectedly raises the eNOS level.
This reaction is typical since a higher level of eNOS is also determined in premenopausal
women. Hence, the assumption stands that eNOS has a protective effect on the cell which

counteracts the inhibitory effect of indoxyl sulfate.

4.2.2. Intercellular adhesion molecule 1
Already at an early stage, ICAM-1 seems to be slightly up-regulated. Usually, the expression
of ICAM-1 was shown to reach a high level after > 20 hours. In this case, it seems to have a
reaction to an early stimulation either through some sort of stress or through interaction
with the toxins. The unusual throwback to the initial level has yet to be investigated. Also,
the possible diverse effects of individual or combined toxins at an early or late stage can be
the cause of the negative parabolic expression curve depicted in the 24 h chart (Fig. 4.8).
Estrogen reduces the expression as expected, supporting the cardioprotective effect of it

(Piercy et al., 2002).
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Fig. 4.8 ICAM-1 expression charts



4.2.3. Monocyte chemotactic protein 1
The role of this cytokine in cardiovascular diseases is that it attracts other proteins and lipids
to the inflammation site, hence resulting in an accelerated calcification of the vascular wall.
Studies show that the up-regulation of MCP-1 is stimulated in diverse cells and by many
factors such as endotoxins. The protein binding toxins cause a strong up-regulation of MCP-1
with the highest expression rate between 4 and 8 hours and a maximum between 12 and 20
hours. These values stand with the condition of valid 24 h values. Estrogen reduces the
expression of MCP-1 on a strong level, which has already been discovered in vivo (mice) and
in vitro (murine fibroblasts) (Fanti et al., 2003; Kovacs et al., 1996). While treatment without
estrogen causes a drawback, the expression level after 24 hours is still at ~4 fold change
while the fold change of the estrogen treated cells overall remains <1. The results of this
expression analysis are highly comparable to the ones documented in literature, thus

pointing to the strong anti-inflammatory effect of estrogen.
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Fig. 4.9 MCP-1 expression charts



4.2.4. Matrix metalloprotease 2
Although literature reveals a negative regulation of MMP-2 by polyamines, this effect was
scarcely observable in this experiment. A strong (positive) parabolic expression curve may
yet again indicate either a more complex and timely differentiated interaction of the toxins
on the expression of MMP-2 or an assay generated error causing it to have the beginning
and the end of the curve around the same region well above the baseline, therefore
indicating an upward shift of the curve. In the same range of £ 1 fold change, the estrogen
treated cells show a negative parabolic expression curve that starts and ends around the
baseline. The up-regulatory effect could be credited to the estrogen, since it has been

documented to regulate MMP-2 expression in mammary tumor cells (Stabellini et al., 2005).
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Fig. 4.10 MMP-2 expression charts



4.2.5. Matrix metalloprotease 9

Compared to MMP-2, MMP-9 shows a strong up-regulation after toxin stimulation. In
addition, the overexpression of MMP-9 is linked to inflammation and post-myocardial infarct
tissue remodeling. Due to the fact that advanced uremia has a high risk of causing a
cardiovascular disease the inflammatory response to uremic toxin stimulation by up-
regulating the MMP-9 expression is a very likely reaction (Halade, Jin, & Lindsey, 2013). Since

it is an inflammatory response, the down-regulation of MMP-9 in estrogen treated cells also

correlates with the anti-inflammatory effect of physiological estrogen.
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Fig. 4.11 MMP-9 expression charts




4.2.6. Plasminogen activator inhibitor 1
Research has revealed that uremic toxins, especially indoxyl sulfate, cause the activation of
NF-kB which in turn causes up-regulation of PAI-1 in HK-2 human renal proximal tubular cells
(Motojima, Hosokawa, Yamato, Muraki, & Yoshioka, 2003). It seems that the same effect
also occurs in HCAECs. Another analysis showed the up-regulation of PAI-1 in HUVECs by
physiological estrogen concentrations in the medium. Said regulation involves the estrogen
receptor a and cascade proteins such as G proteins, phosphatidylinositol-3-OH kinase, p-
associated kinase Il, c-Jun and c-Fos which in turn cause the up-regulation of estrogen
induced PAI-1 (Gopal et al., 2012). Further, NF-kB has been proven to be activated by indoxyl
sulfate in HUVECs (Tumur, Shimizu, Enomoto, Miyazaki, & Niwa, 2010). The data shows
some upregulation of toxin treated cells as well as a reduced PAI-1 upregulation of estrogen
treated cells compared to non-treated cells. More complex toxin interaction resulting in cell
signaling dysfunction is also a possibility and could be the cause of the observed effect of

uremic toxin and estrogen co-treatment of HCAECs.
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Fig. 4.12 PAI-1 expression charts



4.2.7. E-selectin
According to previous publications (Leeuwenberg et al., 1992), the overexpression of E-
selectin can be stimulated by cytokines and endotoxins, with a maximum reached after 6-12
hours and a final baseline concentration after ~ 24 hours measured by ELISA. Contrary to the
study, E-selectin in this experiment is constantly being over-expressed and does not cease
after 24 hours. The fold change values of the 4 hours incubation seem biased as biological
expressions do not drop and rise in such a manner without corresponding environmental
changes. A methodological error is likely responsible for these discordant results.
Nevertheless, the upwards trend is still present. Since gene expression does not
automatically result in functional protein secretion, a posttranscriptional regulation is highly
probable, hence giving a possible explanation for the discrepancy between literature and the
observed data. Other research has shown that indoxyl sulfate is responsible for E-selectin
over-expression in HUVECs (Ito et al., 2010). A further in vivo experiment in rats revealed the
reduced upregulation of E-selectin in female compared to male subjects when caused by an
endotoxin-induced uveitis (Miyamoto et al., 1999). Ovarectomized female subjects also
showed higher E-selectin expression. Estrogen treatment of male and ovarectomized female
subjects reduced the E-selectin expression, hence coinciding with this experiment that
shows a reduced upregulation of E-selectin that reaches a plateau after ~20 hours compared

to cells without estrogen treatment.
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Fig. 4.13a E-selectin expression chart
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Fig. 4.13b E-selectin expression chart

4.2.8. Thrombomodulin

Seeing how a reduced Thrombomodulin level facilitates blood coagulation, negative
regulation can be interpreted as a correlation between uremia and blood coagulation
disorders in patients. Estrogen seems to counteract the toxins' regulatory effects. The
biological significance of these findings is questionable since all fold changes are at a low

level around the baseline.
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Fig. 4.14b TM expression chart

4.2.9. Tissue actor

Indoxyl sulfate most likely caused a highly positive fold change in the toxin treated cells
(Gondouin et al., 2013). This finding is in alignment with the assumption that patients with
chronic kidney disease also possess a blood coagulation disorder. Estrogen also seems to
have a short upregulatory effect at the onset of treatment that returns to the baseline rather
quickly, thus apparently antagonizing the effect of the toxins. Another possible
interpretation of this finding is that there may be an initial lag in the pathways involved in
estrogen/toxin-stimulated TF regulation, therefore causing a short peak with a subsequent

down-regulation of Tissue Factor in estrogen treated cells.
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Fig. 4.15a TF expression chart
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4.2.10. Vascular cell adhesion molecule 1
Although some experiments have shown a down-regulatory effect of p-cresol on VCAM-1
expression in HUVECs (Dou et al., 2002), all toxins used in this experiment seem to cause an
over-expression of VCAM-1. Given that uremia causes cardiovascular inflammation, the
elevated levels are in alignment with the results of ICAM-1, and thus giving the results a high
degree of validity. The anti-inflammatory properties of estrogen once again cause a

significantly reduced VCAM-1 expression analogous to ICAM-1.
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5. Conclusion & Outlook

The majority of results obtained in this thesis support the knowledge that uremic toxins
cause an over-expression of inflammatory parameters in HCAECs which facilitate wall-
thickening and calcification of the vascular vessels as well as vascular tone dysfunction. The
congruence of these results with the ones found in literature increases the relevance of this
thesis. However, other parameters such as MMP-2 and E-selectin should be retested with
similar or modified assay conditions to test for an assay-specific error or the presence of

biological variability.

The influence of estrogen resulted in very compelling data. The statistics indicate a lower
likelihood of cardiovascular disease morbidity in pre-menopausal women than in men and
post-menopausal women. The results of this thesis highly support this indication since
estrogen caused cardioprotective and anti-inflammatory results as well as a beneficial down-

regulation of Tissue Factor.

Supplementary testing of inconclusive results including a proper protein analysis should be
performed in futures trials in order to study the behavior of these proteins and their
expression when stimulated with uremic toxins. Further, the long incubation responsiveness
of the cells in the HBSS/HSA medium should be retested, since almost all genes showed

atypical behavior after an incubation of 24 hours.



Abbreviations

CAD coronary artery disease

cDNA complementary DNA

CHD coronary heart disease

CKD chronic kidney disease

Ct cycle of threshold

CvD cardiovascular disease

dRn delta Rn, magnitude of fluorescence in qPCR
E, 17R-estradiol

EMA European Medicines Agency

eNOS endothelial nitric oxide synthase

FDA Food and Drug Administration

G6PDH glucose-6-phosphate dehydrogenase
GAPDH glyceraldehyd-3-phosphate dehydrogenase
gDNA genomic DNA

GOl / POI gene of interest / protein of interest
HBSS Hanks' balanced salt solution

HCAEC human coronary artery endothelial cell
HK-2 human renal proximal tubular cell

HSA human serum albumin

HUVEC human umbilical vein endothelial cell
HUWE1 E3 ubiquitin-protein ligase

ICAM-1 intercellular cell adhesion molecule 1
IL-1 interleukin 1

MCP-1 monocyte chemotactic protein 1
MMP-2/9 matrix metalloprotease 2/9

NF-kB nuclear factor kappa B

NO nitric oxide

PAI-1 plasminogen activator inhibitor 1
POLR2A DNA-directed RNA polymerase Il subunit RPB1
qPCR guantitative real-time PCR

RG reference gene

RPL37A 60S ribosomal protein L37a

SelE endothelial selectin

R2M beta 2 microglobulin

TF Tissue Factor

TGF-B tumor growth factor beta

™ Thrombomodulin

Tm melting temperature of an amplicon
TNF-a tumor necrosis factor alpha

VCAM-1 vascular cell adhesion molecule 1
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