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Abstract in German 

Einleitung: Chronische Nierenerkrankungen (CKD) sind mit einer hohen 

kardiovaskulären Morbidität und Mortalität assoziiert. In der Pathogenese der CKD und den 

kardiovaskulären Folgeerkrankungen scheinen microRNAs (miRs) eine bedeutsame Rolle 

zu spielen. Daher haben wir den Zusammenhang zwischen miRs und endothelialer 

Dysfunktion bzw. urämischer Mediaverkalkung in der vorliegenden Arbeit näher untersucht. 

Methoden: Wir untersuchten mittels qRT-PCR das Expressionsmusters von miRs in zwei 

unabhängigen Patientenkohorten mit chronischem Nierenversagen und validierten die dabei 

erhobenen Ergebnisse in einem Tiermodell mit urämischen DBA/2 Mäusen. In weiterer 

Folge wurden die funktionellen und morphologischen Auswirkungen der Behandlung von 

DBA/2 Mäusen mit miR-142-3p untersucht und zur Analyse ELISA, Western Blot, 

Massenspektrometrie und Myographie herangezogen. 

Resultate: Patienten mit terminaler Niereninsuffizienz wiesen ein reguliertes 

Genexpressionsmuster von miRs auf, welche nach Nierentransplantation reversibel waren. 

Da miR-142-3p mit der carotid-femoralen Pulswellengeschwindigkeit in CKD 5D Patienten 

negativ assoziiert war, testeten wir die funktionellen und morphologischen Auswirkungen 

einer therapeutischen Substitution von miR-142-3p im Tiermodell. Dabei konnten wir 

zeigen dass die Acetylcholin-abhängige Relaxation der Aorta durch Behandlung mit 

synthetischem miR-142-3p deutlich verbessert werden konnte. 

Fazit: Unsere Daten unterstreichen das therapeutische Potential von miR-142-3p gegen 

endotheliale Dysfunktion und arterielle Gefäßsteifigkeit in der terminalen 

Niereninsuffizienz (1). 
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Abstract in English 

Introduction: Chronic kidney disease (CKD) is tightly associated with an increased risk 

of cardiovascular morbidity and mortality. There is also emerging evidence that different 

microRNAs (miRs) play relevant roles in the pathogenesis of CKD and the consequent 

vascular disease. The aim of this study was to investigate the potential role of microRNAs 

in uremic vascular disease and in the process of endothelial-mediated remodelling. 

Methods: Using real time quantitative polymerase chain reaction we examined the 

expression profile of several microRNAS in two independent chronic kidney disease cohorts 

and in a mouse model of uremic media calcification. Furthermore, we treated the mice with 

an intravenous injection of synthetic miR-142-3p mimic in order to restore the 

bioavailability of the microRNA. Later the mice were evaluated for functional and 

morphological vascular changes by Western blot, mass spectrometry, ELISA, histology and 

wire myography. 

Results: We found that several of the investigated microRNAs were regulated in our 

cohorts and in case of numerous microRNAS this regulation was reversible after kidney 

transplatation. We tested 19 microRNAs in our study and found that only miR-142-3p is 

negatively associated with carotid-femoral pulsewave velocity in CKD 5D patients. In our 

uremic mouse model of DBA/2 mice the same expression changes were found and the 

acetylcholine-mediated vascular relaxation of the aorta was also impaired in these animals, 

so we restored the bioavailability of microRNA-142-3p by injecting the synthetic miR-142-

3p mimic. This injection improved the acetylcholine-mediated vascular relaxation of the 

aorta. 

Conclusion: In this study, we present convincing evidence that microRNA-142-3p plays 

a role in uremic endothelial vascular dysfunction and could act as a potential 

pharmacological target in the treatment of end-stage renal disease in order to ameliorate 

endotelial dysfunction and arterial stiffness (1).  
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Introduction 

 

The work described in this thesis investigates the role of microRNAs in chronic kidney 

disease and in concomitant vascular dysfunction as potential biomarkers and therapeutical 

targets. The aim of the study was to determine whether blood microRNA levels correspond 

with their concentration in the vessels and whether restoring healthy microRNA levels would 

ameliorate the symptoms caused by chronic kidney disease. The relevance of this study is 

that chronic kidney disease affects an enormous part of the worlds population and so far only 

limited amount of information is available about the involvement of microRNAs in the 

disease. 

 

Kidney disease 

 

Kidney disease is defined as „an abnormality of kidney structure or function with 

implications for the health of an individual, which can occur abruptly, and may either resolve 

or become chronic” by the 2012 Kidney Disease: Improving Global Outcomes (KDIGO) 

Clinical Practice Guideline for the Evaluation and Management of CKD (2). There are 

several factors which could cause different types of kidney diseases and then lead to chronic 

kidney disease and renal failure.  

The metabolic, hemodynamic and structural changes in diabetes mellitus lead to damaged 

glomeruli in the kidney which then leads to albuminuria (3-5). It has also been showed that 

cytokines play a role in the progression of the disease (6). Due to the microangiopathy in 

diabetes mellitus, hypoxic conditions further deteriorate the condition. Approximately 10% 

of patients with diabetic nephropathy will develop end-stage renal disease and diabetic 

nephropathy is the most common cause of chronic kidney disease (7-10). 

Elevated blood pressure leads to arteriolosclerosis and then glomerular and tubular changes 

in the kidneys. If this condition persists, a condition called hypertensive nephropathy will 

develop with the symptoms of proteinuria and hematuria. Hypertensive nephropathy is one 

of the leading causes of chronic kidney disease and could lead to kidney failure (11, 12). 
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Mutations in the PKD1, PKD2 or in the PKD3 genes lead to polycystic kidney disease 

(PKD). The main symptoms of the disease are cysts in the kidneys, hematuria and 

hypertension. Autosomal dominant polycystic kidney disease (ADPKD) is the most 

common hereditary renal disease and approximately 50% of the patients develop end-stage 

renal disease (13-15). 

It has been shown that long term or excessive use of nonsteroidal anti-inflammatory drugs 

(NSAID), especially phenacetin, aspirin and paracetamol can cause analgesic nephropathy 

(16). The symptoms of the disease include high blood pressure, anaemia, pyuria, proteinuria 

and they follow a history of excessive analgesic consumption. The symptoms usually 

develop after the consumption of approximately 2-3 kilogramms of analgesics. Ultimately 

this condition could lead to end-stage renal disease and renal failure (17-19).  

There are several other conditions which may lead to chronic kidney disease and then renal 

failure: infections, nephrotoxic drugs, autoimmune diseases, heavy metal poisoning and 

renal artery stenosis (7, 10, 20-22). 

 

Chronic kidney disease 

 

Classification of chronic kidney disease 

The conceptual model of chronic kidney disease includes risk factors, kidney damage, 

decreased glomerular filtration rate (GFR) and renal failure. It was developed by the 

National Kidney Foundation’s Kidney Disease Quality Outcome Initiative in 2002 and it 

was adopted by the international consensus of Kidney Disease: Improving Global Outcomes 

(2, 23). The definition of chronic kidney disease is kidney damage or glomerular filtration 

rate lower than 60 ml / min / 1,73 m2 for at least three months, regardless of the cause of the 

disease (20-22). The markers of chronic kidney disease are pathological abnormalities, urine 

abnormalities (e.g. albuminuria), blood abnormalities (e.g. renal tubular syndromes), 

imaging abnormalities (e.g. polycystic kidneys, hydronephrosis, small and echogenic 

kidneys) and history of kidney transplantation (23). Albuminuria and GFR are the best 

markers for determining the seriousness of the disease. Albuminuria is the earliest marker of 

kidney damage in the case of diabetes mellitus, glomerular disease and hypertension. 

Albuminuria means increased glomerular permeability, and higher levels are associated with 
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increased risk for kidney and cardiovascular disease aggravation. Furthermore, therapies 

which decrease albuminuria are correlated with attenuated kidney disease progression (23). 

Generally, GFR is considered to be the best marker for kidney function in healthy individuals 

and in kidney disease patients. Clinically it is usually estimated from the serum creatinine 

levels (23). Due to the critical importance of kidney function in chronic kidney disease, the 

stages of the disease are determined by the GFR levels of the patients: stage 1 with GFR ≥ 

90 ml / min / 1,73 m2, stage 2 with GFR 60 – 89 ml / min / 1,73 m2, stage 3 with GFR 30 – 

59 ml / min / 1,73 m2,  stage 4 with GFR 15 – 29 ml / min / 1,73 m2, stage 5 with GFR < 15 

ml / min / 1,73 m2 or the patient receives dialysis treatment (23). An improved system was 

introduced in 2012 by the Kidney Disease: Improving Global Outcomes Clinical Practice 

Guideline by combining GFR levels with albuminuria in order to define the stages of the 

disease, offer the best treatment strategies and to estimate the prognosis of the disease (2, 

24). Six categories were developed based on GFR levels: G1 (normal or high): ≥90 ml / min 

/ 1,73 m2, G2 (mildly decreased): 60 – 89 ml / min / 1,73 m2, G3a (mildly to moderately 

decreased): 45 – 59 ml / min / 1,73 m2, G3b (moderately to severely decreased): 30 – 44 ml 

/ min / 1,73 m2, G4 (severely decreased): 15 – 29 ml / min / 1,73 m2  and G5 (kidney failure): 

<15 ml / min / 1,73 m2 (24). Albuminuria was divided into three groups, using the albumin 

– creatinine ratio (ACR): A1 (normal to mildly increased): < 30 mg / g, A2 (moderately 

increased): 20 – 300 mg / g and A3 (severely increased) > 300 mg / g (2, 24). 

 

Prevalence and risk factors of chronic kidney disease 

The prevalence of chronic kidney disease (stage 1-5) is 13,4% in the world and CKD stage 

3-5 affects 10,6% of the population (25). Diabetes mellitus is the leading cause of chronic 

kidney disease and end-stage renal disease worldwide. The pathomechanisms which lead to 

the loss of kidney function include several molecular changes and 8% of the patients with 

diabetes mellitus type 2 have albuminuria (7, 8). Diabetes mellitus type 2 patients have an 

11% 10-year risk of developing chronic kidney. Additionally, half of the type 2 diabetes 

mellitus patients will present symptoms of diabetic nephropathy and 10% of these patients 

will develop end-stage renale disease (7-10). Obesity is also a strong risk factor of 

developing ESRD. A body mass index higher than 30 kg / m2 in men and higher than 35 kg 

/ m2 in women increases the risk of developing chronic kidney disease by 3 – 4 fold (26, 27). 

Arterial hypertension jointly with proteinuria is considered to be the most serious risk factor 
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in the progression of chronic kidney disease. Increased mean arterial pressure (MAP) leads 

to increased arterial pressure in the kidneys which will cause renal damage and 

glomerulosclerosis due to the repair mechanisms of the kidney (28, 29). Birth weight 

correlates with nephron numbers, thus low birth weight leads to an increased risk of 

developing chronic kidney disease. Decreased nephron numbers cause elevated blood 

pressure in the glomeruli, consequently leading to hyperfiltration in the nephrons and 

decreased glomerular filtration rate (30, 31). Additionally genetic factors are also a risk 

factor for chronic kidney disease. Almost 50% of the patients with polycystic kidney disease 

(PKD) develop ESRD until the age of 60 years (32). Acute kidney injury, age, ethnicity and 

gender also play roles in the development of chronic kidney disease (7, 32). 

 

Complications of chronic kidney disease 

Anemia is frequently diagnosed among patients with chronic kidney disease. Patients often 

develop iron deficiency due to dietary restrictions, deteriorating kidney function and adverse 

effects of medication. Many patients require iron treatment, usually in the form of infusion. 

Furthermore, the kidneys production of erythropoietin becomes deficient and the patients 

require supplemental therapy (33-35). 

Pathogenic sodium retention in chronic kidney disease leads to hypertension, extracellular 

fluid volume expansion and can further facilitate the progression of the disease (36). It is 

important to maintain the extracellular fluid volume in the normal range in order to prevent 

progressive cardiovascular and kidney damage (37). Disturbed sodium balance and 

expanded extracellular fluid volume can lead to dyspnea, which is one of the most common 

symptoms associated with chronic kidney disease and can influence the patients quality of 

life to a great extent (38). 

A frequent complication of chronic kidney disease is a disorder affecting the mineral and the 

bone metabolism, called chronic kidney disease – mineral and bone disorder (CKD-MBD). 

CKD-MBD is a systemic, clinical syndrome which is manifested by irregularities in bone 

and mineral metabolism and extraskeletal calcifications (39). CDK-MDB was defined as „a 

systemic disorder of mineral and bone metabolism due to CKD manifested by either one or 

a combination of the following: abnormalities of calcium, phosphorus, PTH, or vitamin D 

metabolism; abnormalities in bone turnover, mineralization, volume, linear growth, or 
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strength; vascular or other soft tissue calcification” by the KDIGO (39). There is increasing 

evidence that CKD-MBD is associated with increased risk for cardiovascular morbidity and 

mortality. The pathomechanism is not yet understood, but probably related to an effect on 

vascular calcification (VC) (40-43). 

The high prevalence of vascular calcification is an important complication of chronic kidney 

disease. A casual, positive correlation has been proposed between the level of cardiovascular 

mortality and the extent of vascular calcification in chronic kidney disease. However, it is 

not yet clearly understood whether vascular calcification poses a risk itself or the underlying 

biological processes carry the additional risk (44). Vascular calcification is not a single 

entity, it can affect different layers of the vessels and it can be present at different anatomical 

locations (45-48). The calcification of the tunica intima is mainly caused by inflammation 

and depends on the migration of vascular smooth muscle cells and macrophages into the 

atheromatous lesion. Transdifferentiation into bone-forming cells is the primary mechanism 

of lesion calcification in the tunica intima (49). The other form of vascular calcification, the 

calcification of the tunica media is an active process and not just the deposition of calcium 

in the arterial wall. It is a response to different conditions affecting the arteries: aging, 

chronic kidney disease, inflammation and diabetes (50, 51). In patients receiving dialysis 

treatment, the progression and the prevalence of the disease increases quickly (52-54). The 

pathological mechanisms of tunica media calcification include local inflammation, 

phenotype switch of vascular smooth muscle cells and changed calcium and phosphate 

homeostasis (55). The phenotypic switch of vascular smooth muscle cells into osteoblast-

like cells and the production of minerals are the key factors in tunica media calcification (56, 

57). Both in media and intima calcification there are several factors which can modify the 

development and the progression of the condition, especially in chronic kidney disease 

patients. High serum phosphate levels deteriorate the disease while active vitamin-D can be 

protective against vascular calcification (58-61). Calcimimetics, vitamin-K and kidney 

transplantation are considered to be a treatment option for vascular calcification in chronic 

kidney disease as well (62-65). In conclusion, vascular calcification in chronic kidney 

disease is a complex pathological entity with different histological and pathophysiological 

properties which makes its prevention, diagnosis and treatment a complex task. 
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The primary cause of morbidity and mortality in chronic kidney disease is cardiovascular 

disease (CVD). CKD is an independent risk factor for cardiovascular events and it is an 

accelerator for cardiovascular risk. Chronic kidney disease (CKD) is tightly associated with 

an increased risk of cardiovascular morbidity and mortality (1, 66). The risk of 

cardiovascular disease and cardiovascular mortality is increased in end-stage renal disease 

(ESRD) patients 10-100-fold compared to patients with intact kidney function. This raise in 

risk can not be appropiately anticipated by the use of traditional risk factors (1, 67). Uremic 

media calcification, left ventricular hypertrophy, and sudden cardiac death are tightly 

correlated with the cardiovascular symptoms in chronic kidney disease and end-stage renal 

disease (1, 68, 69). Not only morphological cardiovascular changes are present in patients 

with chronic kidney disease, but reduced vascular compliance and an impairment of 

endothelium-dependent and endothelium-independent vascular function are also major 

factors in the development of the disease (1, 70, 71). Traditional risk factors only explain a 

minor section of cardiovascular disease in end-stage renal disease and conventional 

pharmacological  therapies (e.g. statins) do not ameliorate the cardiovascular symptoms (72-

74). It was previously described that uremic vascular dysfunction is shaped by several 

factors, including interruption of normal mineral and bone metabolism as well as uremic 

toxicty (1, 40, 75, 76). During uremic conditions, a diverse complex of regulators are 

responsible for the morphological and fuctional changes which lead to vascular calcification, 

transdifferentiation of vascular smooth muscle cells (VSMC), endothelial dysfunction and 

increased arterial stiffness. (1).  
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microRNAs 

 

Definition and function of microRNAs 

MicroRNAs (miRs) are small, non-coding RNA molecules, usually containing 22 

nucleotides (77-79). The first microRNA was described in 1993, but their research only 

expanded after 2000 (80-84). Their main function is post-transcriptional modification of 

gene expression and RNA silencing (77-79). The potential therapeutic use of miRNAs is 

under investigation (85-88). MicroRNAs are part of the RNA-induced silencing complex 

(RISC), which also contains Dicer, Argonaute 2 (Ago2) and other proteins (89-92). 

MicroRNAs can silence their target by either mRNA degradation or by preventing the 

translation of the target mRNA (93-95). 

 

MicroRNAs in diseases 

Several microRNAs were associated with different diseases. miR2Disease is a database 

which collects known relationships between microRNAs and human diseases (96). So far, 

three mutations in microRNAs were identified as the cause of a genetic disease: mutation of 

miR-96 causes hereditary progressive hearing loss, mutation of miR-184 causes hereditary 

keratoconus with cataract and the mutation of miR-17 causes skeletal and growth defects 

(97-99).  

Many microRNAs are associated with different cancers in humans. In non-small-cell lung 

carcinoma (NSCLC) low miR-324a levels correlate with worse survival outcomes (100). 

Low miR-133b or high miR-185 levels are associated with poor survival and higher risk of 

metastases in colorectal patients (101). miR-21, miR-494, and miR-1973 are biomarkers of 

Hodgkin lymphoma  (102). MicroRNAs could be used as potential targets or drugs in 

different types of cancer (103). 

MicroRNAs also play a role in the development of the nervous system and its proper function 

(104).  MiR-132, miR-134, miR-138 and miR-124 take part in dendritogenesis, synapse 

formation and synapse maturation. MicroRNA expression was found to be altered in major 

depression, bipolar disorder and in schizophrenia (87, 105-108). 
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MicroRNAs also affect the differentiation of adipocytes (109, 110). miR-155, miR-221, and 

miR-222 are negative regulators of differentiation, whereas expression of these microRNAs 

inhibited adipogenesis (110, 111). The let-7 family of microRNAs play a role in the 

regulation of insulin resistance, obesity and diabetes. In mice, inhibition of the let-7 miR led 

to increased insulin sensitivity (112-114). These findings could open up therapeutic 

possibilities in the treatment of obesity and diabetes. 

There is preliminary evidence that miRs play a role in the vascular smooth muscle cell 

phenotypic modulation and in the dysfunction of endothelial cells in uremia (75, 76, 115-

118).  

 

microRNA therapies 

 

MicroRNAs play an important role in cell differentiation, survival and proliferation by 

regulating mRNA translation and they are disregulated in several diseases, mainly in cancer 

and cardiovascular diseases (78, 119-125). MicroRNAs are regularly affected in different 

diseases due to genomic events: mutations, deletions and transcriptional changes (78, 124, 

126, 127). MicroRNAs provide excellent potential therapeutic solutions to several diseases 

because they can alter the expression of multiple dysregulated mRNA targets. 

Bioavailability of downregulated miRNAs could be restored by the use of microRNA 

mimics and endogenous microRNAs could be inhibited by antimiRs (122, 128-130). 

Furthermore, there is an emerging amount of delivery possibilities which make the 

therapeutic use of microRNAs feasible. 
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MicroRNA delivery methods 

 

Viral vectors 

MicroRNA coding adenoviruses can be constructed for research purposes, but this method 

has several limitations in the clinical practice, due to safety considerations (124, 131). 

 

Poly(lactide-co-glycolide) particles 

Poly(lactide-co-glycolide) (PLGA) is already used in the clinical practice as biodegradable 

sutures and it has low toxicity. Its effectiveness is limited by the fact that it has low affinity 

for siRNAs and miRNAs. The microRNA release can be regulated by changing the amount 

of nucleic acid bound to the PLGA particles (124, 132-134). 

 

Neutral lipid emulsions, neutral liposomes 

There are numerous lipid-based systems available for small interfering RNA (siRNA) and 

miRNA delivery. Neutral lipid emulsions are made of 1,2-dioleoyl-

sn-glycero-3-phosphocholine (DOPC), their atomic charge is zero and they are not toxic. 

However, they have low penetration into cancer cells (124, 135). Nanoparticles made of 

DOPC are already used in preclinical studies and some of them reached phase I clinical trials 

(136-142).  

 

TargomiRs 

TargomiRs are bacterial particles of a size of approximately 400 nanometers. Their surface 

contains specific antibodies which makes it possible to target them to different cell types. 

An anti-epidermal growth factor receptor (EGFR) antibody coated nanoparticle is in phase 

I clinical trial, examining the efficiency of miR-16 mimic delivery (143, 144). 
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Synthetic polyethylenimine 

Polyethylenimine (PEI) is one of the first nonviral delivery system for synthetic siRNAs and 

miRNAs (145). After binding to the selected miRNA, the complex keeps it positive charge, 

allowing it to bind to the negatively charged plasmamembrane. After endocytosis, the 

miRNAs can reach their targets in the cell. Polypus transfection SA (Illkirch-Graffenstaden, 

France) produces a commercially available jetPEI transfection reagent, which allows for in 

vivo transfection in mammals and is currently undergoing preclinical testing (1, 145). 

 

Dendrimers 

In dendrimers the nucleic acids (siRNA or miRNA) are conjugated to poly(propylenimine) 

or poly(amidoamine) polymers. These reagents have high effectiveness in animal 

experiments, however there are concerns about their toxicity (124, 146). 

 

Cyclodextrin 

Cyclodextrin is a glucose polymer and it is commonly used in pharmacological preparations. 

It has been used in clinical siRNA delivery trial and it showed significant effect on tumor 

cells. Due to its toxicity in higher doses the trial was cancelled (147, 148). 

 

Poly(ethylene glycol) 

In poly(ethylene glycol) (PEG) reagents the nucleic acid is conjugated by disulfide bonds. 

These molecules have high silencing efficiency which can be further increased by binding 

additional cyclodextrin molecules to the complex. There are clinical trials underway using 

these molecules (147, 149). 
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Chitosan 

Chitosan is a cationic molecule which is produced from the polysaccharide chitin. It is 

widely used in preclinical research because of its low toxicity, biocompatibility and 

biodegradability. However, further research and modifications of this reagent are required 

in order to increase its effectiveness in in vivo studies (124, 150). 

 

N-acetyl-D-galactosamine 

N-acetyl-D-galactosamine (GalNAc) conjugated siRNAs and miRNAs get internalized by 

clathrin-mediated endocytosis. Some of these products are already in phase II clinical studies 

in order to investigate their effectiveness targeting hepatocytes. Due to their efficient 

elimanation by the liver, their effect on other organs are limited (151). 

 

Application of microRNAs in clinical and preclinical studies 

 

There are several phase I and phase II clinical studies investigating the effectiveness of 

microRNA therapies. The focus of these studies is mainly different types of cancer and liver 

diseases. AntimiR-122 is being tested in two studies for the treatment of hepatitis C. 

AntimiR-103/107 is investigated in a cohort of type 2 diabetes mellitus and non-alcoholic 

fatty liver disease. In a phase I trial a miR-16 mimic treatment is currently being investigated 

in mesothelioma and non-small cell lung cancer patients. The effects of a miR-34 mimic is 

being tested on several types of solid tumors (124). 

Several studies are available about microRNA treatments in cardiovascular diseases in 

rodent models as well. MiR-21 is significantly upregulated in cardiac hypertrophy and 

fibrosis. Furthermore treatment with a synthethic miR-21 mimic causes apoptosis and 

fibrosis in a mouse pressure-overload-induced cardiac disease model (152). The miR-

143/145 family is expressed in vascular smooth muscle cells and it is responsible for the 

regulation of several genes involved in proliferation and differentiation: ETS1, KLF4, KLF5, 

SSH2, SRGAP1, SRGAP2 and ACE. In mice, silencing of the miR-143/145 cluster cause 

hypertension and cardiac failure (153-156). MiR-1 plays a central role in the calcium 

signalling of myocytes through the regulation of calmodulin and the MEF2A transcription 
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factor. Silencing of miR-1 leads to fibrosis, hypertrophy and consequent heart failure in rats 

(157, 158). MiR-208 is also found in the heart and has a disadvantageous effect in cardiac 

stress. In a hypertensive model of Dahl rats, administering microRNA-208 mimics had a 

beneficial effect on cardiac function and hypertrophy (159, 160). MiR-33 downregulates 

several genes that play a role in atherosclerosis: ABCA1, CROT, CPT1A, AMPK, PCK1 

and G6PC. Downregulation of these genes helps the progression of the disease.  In primates 

kept on a high-fat diet, antimiR-33 treatment effectively increased the expression of the 

aforementioned genes and had no adverse effect on the animals after treating them for 10 

weeks (161-163). 

There is only a limited amount of data available about the role of microRNAs in vascular 

complications of chronic kidney disease. Furthermore, these experiments were carried out 

on apolipoprotein E knock-out mice, which is a model for atherosclerosis (164, 165). In 

order to study the role of microRNAs in uremic vascular calcification we designed clinical 

and experimental studies. We investigated the specific effects of microRNAs in vascular 

adaptation due to chronic kidney disease and the underlying mechanisms of vascular 

dysfunction. We also explored the possibility of using microRNAs as a pharmacological 

treatment in order to prevent harmful cardiovascular complications in end-stage kidney 

disease (1).  
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Materials and methods 

 

Study population 

 

We prospectively enrolled fifty-three consecutive hemodialysis (HD) patients at the 

Department of Dialysis of the University Clinical Centre Maribor, Slovenia, and nine 

consecutive peritoneal dialysis (PD) patients at the Clinical Division of Nephrology of the 

Medical University of Graz, Austria. The peritoneal dialysis patients were recruited 

immediately prior to kidney transplantation and controlled after one year. The eight Austrian 

healthy controls were matched for sex (63% male) and age (46.9±3.6 years). All of them had 

no relevant medical history, and did not take any regular medication. The study protocols 

were approved by the respective Institutional Review Boards of the University Clinical 

Centre Maribor (UKC-MB-KME-90/14) and the Medical University of Graz (25–207/ex 

12/13), and complied with the Declaration of Helsinki. After obtaining written informed 

consent from the patients, peripheral blood was collected in PAXgene Blood RNA tubes 

(Qiagen, Venlo, Netherlands) and stored at -80 °C until evaluation.  

 

Pulse wave velocity 

 

Carotid-femoral pulse wave velocity (cfPWV) was performed in all hemodialysis patients in 

the morning between 8:00 and 11:00 under standardized conditions. Prior to the 

measurement, subjects were under similar conditions (abstained from coffee, cigarettes, 

heavy meals, and exercise). Each patient waited for 5–10 minutes in a quiet room before 

blood pressure recordings and cfPWV were taken. Before the cfPWV measurement office 

brachial diastolic and systolic blood pressure (BP) values have been obtained from a portable 

bedside monitoring automatic BP device (Dash 4000, General Electric Healthcare, Dallas, 

TX, USA). cfPWV was recorded using applanation tonometry (SphygmoCor, AtCor 

Medical, Ltd., Sydney, Australia). A single examiner performed all measurements. cfPWV 

was evaluated between the carotid and femoral artery with the participant lying in the supine 

position. Pulse measurements were performed non-invasively over the carotid and femoral 

artery while an ECG recording was performed simultaneously. A minimum of 12 seconds 
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of signal (approximately ten heartbeats) was recorded after a strong accurate and 

reproducible pulse wave signal was obtained. The distance from the carotid to femoral artery 

was measured directly between each artery location and the supra-sternal notch and the 

values were entered into the SphygmoCor software database. cfPWV was calculated by 

measuring the time delay between two characteristic timing points on two pressure 

waveforms that were at a known distance apart. The SphygmoCor method uses the foot of 

the waveform as an onset point for calculating the time differences between the R wave of 

the ECG and the pulse waveforms at each site. cfPWV was automatically calculated by the 

Atcor software as the carotid-femoral artery distance divided by the wave travelling time 

between the above 2 measuring sites. In each patient, a minimum of three cfPWV 

measurements were performed. The measurements with a standard deviation less than 10% 

were further evaluated and the average of these measurements were used for analysis. After 

the cfPWW measurement, ambulatory blood pressure monitoring was done for 48 hours 

using a Schiller BR-102 plus monitor (Schiller, Dietikon, Switzerland). Blood pressure was 

recorded every 20 minutes during the day and every 30 minutes during the night. The cuff 

of the blood pressure monitor was applied to the upper portion of the arm, and the patients 

were instructed to attend to their usual activities and medications.  

 

Computed tomography 

 

The computed tomography (CT) examinations of the heart and the pelvis were routinely 

performed on a Toshiba Aquilion 64-row detector CT scanner (Toshiba Medical Systems, 

Minato, Japan). The calcium score for coronary arteries, ascending thoracic, and infrarenal 

abdominal aorta was calculated by multiplying the calcification areas in mm2 by a density 

score determined from the peak CT scan number (Agatston score) with a dedicated software 

(TeraRecon, Foster City, CA, USA) as previously described (1, 166). 
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Design of animal experiments 

 

Female eight to ten week old dilute-brown agouti 2 (DBA/2NCrl, hereafter referred to as 

DBA/2) mice were obtained from Charles River (Sulzfeld, Germany) and housed in a 

virus/antibody-free environment. These mice have an inherent susceptibility to high-

phosphate diettriggered calcification (167-169). To induce media calcification, they were 

placed on high-phosphate diet (HPD) from Altromin (Lage, Germany) containing 20.2 g 

phosphorus, 9.4 g calcium, 0.7 g magnesium, and 500 IU vitamin D3 per kg. The standard 

chow contained 7.0 g phosphorus, 10.0 g calcium, 2.2 g magnesium, and 1000 IU vitamin 

D3 per kg. Mice were then followed for 11 days and culled under anaesthesia. Female eight 

to ten weeks old C57BL/6J mice from Charles River were used in the same setup. All animal 

experiments were approved by the Austrian veterinary authorities (BMWF-66.010/0061-

WF/V/ 3b/2016) and corresponded to the directive 2010/63/EU of the European Parliament. 

In a second set of experiments, female DBA/2 mice were again fed HPD for 11 days and 

then sacrificed under anaesthesia. On day 9, the mice were injected with the syn-mmu-miR-

142-3p miR mimic (Qiagen, Venlo, Netherlands) or negative control siRNA (Qiagen) via 

the tail vein using the in vivo-JetPEI transfection reagent (Polypus transfection SA, Illkirch-

Graffenstaden, France). Each mouse received 2 nmol syn-mmu-miR-142-3p miR mimic or 

2 nmol Allstars Negative Control siRNA (Qiagen) as control with 4.28 μl in vivo-JetPEI 

transfection reagent in a final volume of 200 μl (1). 

 

microRNA isolation, reverse transcription quantitative PCR  

 

From mice, 100 μl peripheral blood was collected in RNAprotect Animal Blood Tubes 

(Qiagen), after which the tubes were incubated at room temperature for 3 hours and stored 

at -80 °C. Total RNA was isolated using the RNeasy Protect Animal Blood Kit (Qiagen), 

strictly following the manufacturer's instructions. Aortas from mice were stored in RNAlater 

(Sigma-Aldrich, St. Louis, MO, USA) at -80 °C and the mirVana miRNA Isolation Kit 

(Thermo Fisher Scientific, Waltham, MA, USA) was used to isolate RNA. Human blood 

samples in PAXgene Blood RNA Tubes were stored at -80 °C until evaluation. Total RNA 

was isolated using the PAXgene Blood miRNA kit (Qiagen, Venlo, Netherlands), strictly 

following the instructions of the protocol provided with the product. RNA was eluted in 40µl 
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Buffer BR5 and stored at -80°C. 200 ng total RNA was reverse transcribed with the miScript 

II RT Kit (Qiagen) using the miScript HiFlex Buffer. Real time quantitative PCR (RT-qPCR) 

was carried out on a CFX96 Real-Time PCR Detection System (Biorad, Hercules, CA, USA) 

using the miScript SYBR Green PCR kit (Qiagen) with the following miScript Primer 

Assays (Qiagen): 

Hs_miR-21_2 Primer Assay  (MS00009079) 

,Hs_miR-21*_1Primer Assay (MS00009086) 

Hs_miR-26b_1 Primer Assay (MS00003234) 

Hs_miR-98_1 Primer Assay  (MS00003367) 

Hs_miR-98-3p_1 Primer Assay (MS00045136) 

Hs_miR-103a_1 Primer Assay (MS00031241) 

Hs_miR-125b_1 Primer Assay (MS00006629) 

Hs_miR-142-3p_2 Primer Assay (MS00031451), 

Hs_miR-145_1 Primer Assay (MS00003528) 

Hs_miR-146a_1 Primer Assay (MS00003535) 

Hs_miR-146a*_1 Primer Assay (MS00008715) 

Hs_miR-155_2 Primer Assay (MS00031486) 

Hs_miR-155*_1 Primer Assay (MS00008778) 

Hs_miR-191_1 Primer Assay (MS00003682) 

Hs_miR-210_1 Primer Assay (MS00003801) 

Hs_miR-210-5p_1 Primer Assay (MS00045836) 

Hs_miR-223_1 Primer Assay (MS00003871)  

Hs_miR-223*_1 Primer Assay (MS00009184) 

Hs_miR-423-5p_1 Primer Assay (MS00009681) 



29 

 

Hs_RNU6-2_11 Primer Assay  (MS00033740) 

 

2 ng reverse transcription product was used for each RT-qPCR reaction. RT-qPCR was 

evaluated using the ΔΔCq method. The miR expressions were normalized to the endogenous 

housekeeper RNU6b small nuclear RNA (1).  

 

Biochemical analyses 

 

From mice, 800-1000 µl blood was collected in Lithium Heparin (25 IU/ml blood) micro 

tubes (Sarstedt AG & Co., Nümbrecht, Germany) and centrifuged at 2000 g for 13 minutes, 

then the plasma was transferred to a new tube. Blood Urea Nitrogen (BUN) levels were 

measured using the SPOTCHEM EZ SP-4430 automated analyser (Arkray, Kyoto, Japan) 

with the appropriate test tubes and test strips (Menarini diagnostics, Vienna, Austria). Renal 

calcium content was determined using the Calcium Detection Assay Kit from Abcam 

(Cambridge, United Kingdom) following the manufacturer's instructions and normalized to 

the tissue weight (1).  

 

Histology 

 

After isolation, the kidneys of the mice were conserved for paraffin embedding in 4% 

formalin solution for 48 hours. Then the samples were paraffin embedded by an Automatic 

Tissue Processor (Leica, Wetzlar, Germany). Calcification was determined using 2% 

Alizarin Red S (Sigma-Aldrich) staining solution on 4 µm thick tissue sections. Kidney 

pathology was evaluated on periodic acid-Schiff (PAS) stained, 4 µm thick sections. The 

slides were evaluated, and pictures were taken with an Olympus BX43 light microscope and 

the cellSens Entry 1.14 program (Olympus, Shinjuku, Tokyo, Japan). PAS positive tubular 

casts were counted in 18 high power fields on 3 kidney sections per sample by two blinded 

and independent evaluators (1). 
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Mass spectrometry 

 

Thoracic and abdominal aortas were isolated from the mice and stored at -80 °C until 

lyophilisation. The freeze-dried samples were weighed into 10 ml quartz tubes and 1 ml 

HNO3 + 4 ml ultrapure water were added to each tube. The samples were placed into an 

Ultraclave III microwave heated autoclave (EMLS, Leutkirch, Germany). After pressurizing 

it with argon to 40 bar the following program was used to heat the samples: ramp in 10 

minutes to 80°C, then in 15 minutes to 150°C, and in further 20 minutes to 250°C.  This 

temperature was kept for 30 minutes. After cooling, the samples were transferred into 15 ml 

polypropylene tubes and diluted with ultrapure water to 10 ml. For quality control purposes 

bovine muscle reference material (RM8414, NIST, Gaithersburg, ML, USA) was digested 

with the samples. The concentrations of Ca, Mg and P with were determined with an 

inductively coupled plasma mass spectrometer (Agilent 7700x, Agilent, Waldbronn 

Germany). Therefore, external calibrations for the three elements were prepared in the 

concentration range from 10.0 µg/l up to 5000 µg/l. The nitric acid was adjusted to the 

digested solutions (10 % v/v HNO3). The following isotopes were used for quantification: 

Ca (m/z=43), Mg (m/z=24) and P (m/z=31). The instrument was operated in the nogas mode. 

Be and Ge were added online as internal standards during the whole measurement (1). 

 

Wire myography 

 

Mouse aortic rings 2mm in length were isolated and positioned in small wire myograph 

chambers (Danish MyoTechnology, Aarhus, Denmark) containing physiological salt 

solution (PSS) (114 mM NaCl, 4.7 mM KCl, 0.8 mM KH2PO4, 1.2 mM MgCl2, 2.5 mM 

CaCl2, 25 mM NaHCO3 and 11 mM D-glucose, pH 7.4). PSS containing 60mM KCl 

(KPSS) was used to determine maximum contractility of the vessels. The rings were 

precontracted with increasing concentrations of norepinephrine (NE) (1nM-1μM), followed 

by endothelium-dependent relaxation to cumulatively increasing concentrations of 

acetylcholine chloride (ACh) (1nM-10μM). The endothelium-independent relaxation was 

examined by exposure of the rings to increasing concentrations of sodium nitroprusside 

(SNP) (1nM-1μM), a nitric oxide (NO) donor. Relaxation values were expressed as a 

percentage of the initial NE-induced contraction. To examine the involvement of 
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prostanoids, 10 μM diclofenac was added to the PSS during the myography procedure. The 

NO bioavailability was estimated from the constriction response to eNOS inhibitor Nω-

nitro-L-arginine (L-NNA, 300 μM) in aortic rings precontracted with norepinephrine to 10% 

of the maximal contraction (1, 170-172). 

 

Thromboxane and prostacyclin release from aortic rings ex vivo 

 

Aortic rings were placed in separate wells of a 96-well plate in 150 μl DMEM (Sigma-

Aldrich) supplemented with 10% FCS (Sigma-Aldrich) for 1 h under cell culture conditions 

(37 °C, 5% CO2). The rings were then washed and stimulated with 10 μM ACh in DMEM 

without FCS for 10 min. After the stimulation the supernatants were collected. Thromboxane 

B2 (TXB2) was measured by a Thromboxane B2 Parameter Assay Kit (R&D Systems, 

Minneapolis, MN, USA), and 6-keto-PGF1α was measured by the 6-keto-PGF1 alpha ELISA 

Kit (Abcam, Cambridge, United Kingdom) from the supernatants strictly following the 

manufacturers’ instructions (1). 

 

Western blot  

 

Aortas from control and mimic treated mice were isolated after 11 days of high phosphate 

diet and cut into 2mm rings. Subsequently, rings were put into 24 well dishes with 150 µl 

DMEM (Sigma-Aldrich) with 10% FCS (Sigma-Aldrich) for 1h under cell culture conditions 

(37 °C, 5% CO2). Afterwards rings were treated with 10 µM acetylcholine (ACh) (Sigma-

Aldrich) in DMEM without FCS at 37 °C for 10 min. After the treatment, rings were washed 

once with cold PBS and stored at -80 °C. Rings were homogenized in 200 µL RIPA Lysis 

and Extraction Buffer (Thermo Fisher Scientific) supplemented with 1 µL Protease Inhibitor 

Cocktail (Sigma-Aldrich) and 3 µL sodium orthovanadate (Merck, Darmstadt, Germany), a 

phosphatase inhibitor. After gel electrophoresis using 10% SDS-polyacrylamide gels for 90 

minutes at 175 V, proteins were transferred to PVDF membrane for 90 minutes at 150 mA. 

PeqGOLD protein Marker IV (Peqlab, Radnor, PA, USA) was used as standard. After 

blocking in 5% BSA (Sigma-Aldrich), proteins were incubated with specific antibodies for 

total eNOS (BD Transduction Laboratories, Franklin Lakes, NJ, USA) phosphorylated 
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eNOS (pS1177; pT495) (BD Transduction Laboratories) and GAPDH (Cell Signaling 

Technology, Danvers, MA, USA), followed by appropriate HRP-conjugated secondary 

antibodies (Dako, Santa Clara, CA, USA). Protein signals were visualized by incubation 

with Millipore Western Blotting Substrate (Millipore Corporation, Billerica, USA) using a 

ChemiDoc system (Bio-Rad Laboratories, Vienna, Austria). Densitometric analyses were 

performed using the Image Lab software (Bio Rad) (1, 172). 

 

Hemogram 

 

800-1000 µl blood was collected in K3 EDTA (1,6mg/ml blood) micro tubes (Sarstedt AG 

& Co., Nümbrecht, Germany) and the differential hemograms were prepared by loading 

fresh whole blood into the V-Sight veterinary hematology analyzer from A. Menarini 

diagnostics (Vienna, Austria). 

 

Statistical analysis 

 

Data are presented as mean ± SEM or as median (with 25th and 75th percentile). Normal 

distribution of the data was assessed by the Kolmogorov-Smirnov test with Lilliefors 

correction. Linear regression analyses were performed to assess the association between 

blood miR levels and functional and morphological cardiovascular parameters, such as the 

carotid-femoral pulse wave velocity and calcium scores of the coronary arteries as well as 

the thoracic and abdominal aorta within the Slovenian cohort of CKD 5D patients. In 

addition to univariable analyses, we also adjusted for age, dialysis vintage, and insulin 

therapy, which are known confounders of vascular calcification and arterial stiffness. 

Differences between DBA/2 treatment groups were compared by either the non-parametric 

Mann-Whitney U test or the unpaired Student's t-test as appropriate depending on the 

distribution of the tested variable. The significance level was set to 5%. The statistical 

analyses were performed using GraphPad Prism 7.0 (GraphPad, La Jolla, CA) and R version 

3.3.3 (1). 
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Results 

miR-142-3p is associated with pulse-wave velocity in ESRD patients 

 

The expression pattern of 19 blood miRs were investigated in this study. These microRNAs 

might have a role in chronic kidney disease, affecting vascular remodelling and endothelial 

dysfunction in patients. A conserved microRNA expression pattern was found in two 

independent chronic kindey disease stage 5 cohorts (Figure 1. and Table 1). The biochemical 

and clinical characteristics of this two cohorts are shown in Table 2. The investigated 

microRNA profile was independent of the type of dialysis (hemodialysis vs. peritoneal 

dialysis), age and dialysis vintage, and was reversible after kidney transplantation, as shown 

by the subgroup of Austrian patients who were followed-up one year after kidney 

transplantation (Figure 1. and Table 1.), indicating that it might be an early event in the 

pathological reaction to uremia. The association between the investigated microRNA levels 

and morphological or functional cardiovascular parameters were assessed by linear 

regression analyses in the Slovenian cohort (fifty-three CKD 5D patients). Pulsewave 

velocity and calcium score were used as dependent variables for this purpose. Only miR-

142-3p displayed a significant negative association with the carotid-femoral pulse wave 

velocity (p = 0.025) from the investigated nineteen microRNAs (Table 3.). Surprisingly, 

there was no significant association of blood miR-142-3p with calcium scores of the 

coronary arteries, thoracic or abdominal aorta. None of the other analysed microRNAs 

showed significant correlation with calciun scores of these vessels neither. After adjusting 

the univariable models for insulin therapy, age and dialysis vintage, there was still a trend 

for an association of miR-142-3p with carotid-femoral pulse wave velocity (p = 0.062) (1).  

In order to validate the results of this bicentric, observational study and to provide an animal 

model for investigating microRNAs in chronic kidney disease, the same microRNA 

expression panel was measured in a murine CKD model and respective murine controls. 

DBA/2 and C57BL/6 mice were used for this purpose and they were fed high-phosphate diet 

in order to induce kidney calcification and concomitant chronic kidney disease. DBA/2 mice 

carry a splice variant of the ATP-binding cassette sub-family C member 6 (Abcc6) gene 

which encodes an anion transporter. Due to their different genetic background, they develop 

a phosphate-induced nephropathy, whereas C57BL/6 mice do not show any renal phenotype 

when fed high-phosphate diet. DBA/2 mice develep uremia a few days after the start of high-
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phosphate diet and they quickly reach end-stage renal disease. After eleven days of high-

phosphate diet, peripheral blood was collected from the mice and the expression of the 

microRNA panel was measured via RT-qPCR. DBA/2 mice had apparent phosphate-

induced nephropathy after eleven days and we found similar microRNA expression patterns 

in the blood of uremic DBA/2 mice and in the blood of end-stage renal disease patients 

(Figure 1. and Table 1.). Furthermore, the same microRNA expression pattern was seen in 

the aortic tissue of DBA/2 mice after eleven days of high-phosphate diet (Figure 1.). 

C57BL/6 mice after eleven days of high-phosphate diet had no kidney disease and showed 

the same microRNA expression pattern as C57BL/6 mice on standard chow (Table 1. and 

Figure 2.) These findings show that the regulation of microRNAs was not directly induced 

by the high-phosphate diet (1). 
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Figure 1.1. Figure 1. 

Conserved miR expression patterns in mice and patients with uremia 

Expression of nineteen microRNAs was analysed by quantitative RT-PCR in the peripheral 

blood of two independent chronic kidney disease 5D cohorts and a subset of patients after 

kidney transplantation (KTx) (n = 3). The data was normalized to healthy controls and the 

mean relative fold change is given in green for downregulation and in red for upregulation, 

respectively. Moreover, expression of the same panel was examined in the blood and aorta 

of uremic DBA/2 mice and normalized to healthy controls. Data shown in this figure was 

previously published (1). 
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Table 1.1. Table 1. 

miR expression patterns in mice and patients with chronic kidney disease  

a Relative gene expression compared to healthy controls 

b Relative gene expression compared to DBA/2 mice on standard chow diet 

c Relative gene expression compared to C57BL/6 mice on standard chow diet 

Multiple comparisons with Bonferroni-Dunn correction.  

KTx = Kidney transplantation.  

* indicates p≤0.05, ** p≤0.01, and *** p≤0.001. 

Data shown in this table was previously published (1).  

 Slovenian cohort a Austrian cohort Austrian cohort DBA/2 b C57BL/6 c 

  before KTx a after KTx a   

miR-21 0.18 ±  0.14 *** 0.63 ±  0.65 0.92 ±  0.59 0.30 ±  0.11 1.00 ±  0.49 

miR-21* 1.07 ±  1.17 0.75 ±  0.26 * 1.04 ± 0.22 0.76 ± 0.17 0.99 ±  0.41 

miR-26b 0.66 ±  0.45 * 1.30 ±  1.11 1.27 ± 0.53 0.36 ± 0.07 * 0.98 ±  0.29 

miR-98 0.63 ±  0.62 * 1.07 ±1.00 1.06 ± 0.69 0.18 ± 0.06 ** 1.11 ±  0.4 

miR-98-3p 0.69 ±  0.81 0.46 ± 0.29 * 2.49 ± 0.44 * 0.50 ± 0.16 1.98 ±  0.84 

miR-103a 0.35 ±  0.32 *** 0.48 ± 0.44 * 0.71 ± 0.16 0.50 ± 0.16 1.00 ±  0.36 

miR-125b 1.63 ±  1.96 0.43 ± 0.34 * 1.07 ± 0.63 0.69 ± 0.22 1.02 ±  0.44 

miR-142-3p 0.37 ± 0.28*** 0.38 ± 0.24* 1.33 ± 0.26 0.36 ± 0.14*** 1.12 ± 0.46 

miR-145 1.22 ±  .1.21 0.69 ± 0.22 * 1.09 ± 0.54 0.70 ± 0.2 1.23 ± 0.39 

miR-146a 0.70 ±  0.55 * 0.55 ± 0.39 * 0.58 ± 0.31 0.15 ± 0.09 ** 1.00 ± 0.27 

miR-146a* 1.57 ±  2.06 0.82 ± 0.73 1.94 ± 0.81 1.69 ± 0.92 2.20 ± 0.47 * 

miR-155 0.70 ±  0.67 0.82 ± 0.73 0.66 ± 0.33 0.29 ± 0.08 ** 1.07 ± 0.29 

miR-155* 1.32 ±  1.33 1.08 ± 0.48 0.52 ± 0.55   

miR-191 1.26 ±  1.45 0.97 ± 0.13 1.16 ± 0.32 0.76 ± 0.17 0.99 ± 0.41 

mir-210 1.28 ±  1.56 0.61 ± 0.26 * 0.95 ± 0.09 0.64 ± 0.15* 0.99 ± 0.33 

miR-210-5p 1.19 ±  1.62 0.68 ± 0.17 ** 1.11 ± 0.23 0.69 ± 0.1 * 1.10 ± 0.4 

miR-223 0.84 ±  0.62 0.74 ± 0.48 1.20 ± 0.09 3.25 ± 0.72 *** 1.05 ± 0.48 

miR-223* 0.96 ±  1.1 1.06 ± 0.33 2.04 ± 0.76 ** 1.54 ± 0.42 1.00 ± 0.29 

miR-423-5p 1.71 ±  2.4 0.69 ± 0.23 * 0.95 ± 0.19 0.74 ± 0.21 1.10 ± 0.37 
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Table 2.2. Table 1. 

Clinical and biochemical characteristics of patient cohorts with CKD 

Data shown in this table was previously published (1). 

 

 

 Slovenian CKD G5D 

cohort 

Austrian CKD G5D 

cohort 

 

 n=53 Before KTx (n=9) After KTx (n=3) 

Gender (male; %) 68% 67% 100% 

Age (years) 63.1 ± 2.0 44.9 ± 4.0 43.3 ± 7.3 

Dialysis vintage (months) 61.7 ± 7.9 43.8 ± 8.4 37.0 ± 11.9 

Hemodialysis (%) 100% 0% 0% 

Peritoneal dialysis (%) 0% 100% 0% 

Leukocytes (G/L) 6.0 ± 0.3 6.8 ± 0.6 7.2  ± 2.0 

Hemoglobin (g/L) 112 ± 1 113 ± 6 134  ± 10 

Calcium (mmol/L) 2.14 ± 0.03 2.19 ± 0.07 2.44 ± 0.04 

Phosphate (mmol/L) 1.62 ± 0.05 1.62 ± 0.09 0.97 ± 0.13 

Magnesium (mmol/L) 1.22 ± 0.18 1.01 ± 0.08 0.74 ± 0.04 

C-reactive protein (mg/dL) 6.2 ± 0.9 2.6 ± 1.2 2.2 ± 1.4 

Parathyroid hormone (ng/L) 287.1 ± 22.6 291.2 ± 48.6 142.9 ± 26.4 

Creatinine (mg/dL) 9.59 ± 0.24 9.04 ± 0.99 1.67 ± 0.24 

BUN (mg/dL) 134 ± 3 119 ± 9 66  ± 13 

Systolic blood pressure (mmHg) 138 ± 2 132 ± 5 125  ± 3 

Diastolic blood pressure (mm Hg) 75 ± 2 85 ± 4 82 ± 2 

Coumarin (%) 0% 22% 33% 

Sevelamer (%) 69% 100% 0% 

Cinacalcet (%) 21% 22% 0% 

Calcitriol (%) 51% 44% 0% 

Lanthanum carbonate (%) 6% 0% 0% 

Statin (%) 31% 33% 0% 

Insulin (%) 31% 0% 33% 

Coronary calcium score 914 (52, 1767) 139 (12, 179)  

Ca score of the ascending aorta 84 (0, 819)   

Ca score of the abdominal aorta 5655 (1356, 9990)   

Pulse wave velocity (m/s) 11.27 ± 0.43   
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Table 3.3. Table 1. 

Linear regression analysis of blood microRNAs 

Linear regression analyses of blood microRNA levels with carotid-fermoral pulse wave 

velocity and aortic calcium score in 53 ESRD patients. Data shown in this table was 

previously published (1). 

  

       

 Pulse wave velocity Calcium score 

 estimate lower-upper CI p-value estimate lower-upper CI p-value 

miR 21 4.93 -0.87-10.73 0.094 -0.48 -14.34-13.39 0.945 

miR-142-3p 2.87 0.38-5.36 0.025 -0.34 -6.47-5.79 0.912 

miR-155 0.68 -1.44- 2.80 0.524 -0.97 -5.98-4.04 0.698 

miR-98 1.81 -0.63-4.24 0.143 0.01 -5.76-5.79 0.996 

miR-98-3p 0.02 -3.25-3.29 0.991 -2.74 -10.42-4.95 0.478 

miR-125-b 0.09 -0.55-0.73 0.776 -0.07 -1.56-1.42 0.926 

miR145 0.00 -1.51-1.50 0.998 -2.56 -6.18-1.05 0.161 

miR146a 0.68 -0.48-1.85 0.245 -0.11 -2.86-2.64 0.937 

miR-210 0.18 -0.97-1.33 0.756 -0.78 -3.46-1.89 0.559 

miR210-5p -0.33 -2.08-1.42 0.706 -1.59 -5.86-2.68 0.457 

miR-223 0.55 -0.81-1.92 0.419 -1.61 -4.87-1.65 0.326 

miR-223* 0.72 -1.03-2.47 0.413 -0.34 -4.46-3.78 0.869 

miR-423-5p -0.70 -1.80-0.41 0.212 -0.68 -3.29-1.93 0.603 

miR-21* 0.12 -1.53-1.77 0.886 -0.69 -4.57-3.19 0.722 

miR-26b 0.01 -2.01-2.03 0.991 -2.88 -7.51-1.74 0.216 

miR-103a 0.34 -3.03-3.71 0.839 -3.81 -11.56-3.93 0.327 

miR-145* -0.11 -1.31-1.09 0.852 -1.15 -3.98-1.69 0.420 

miR-146* 0.55 -0.01-1.12 0.053 0.76 -0.58-2.09 0.258 

miR-155* 0.26 -1.39-1.90 0.757 0.78 -3.10-4.65 0.689 

miR-191 -1.51 -3.26-0.24 0.089 -2.10 -6.38-2.18 0.328 
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Figure 2.2. Figure 1. 

High phosphate diet per se did not regulate miR-142-3p expression in C57Bl/6 mice 

(A) The expression of miR-142-3p was evaluated by qRT-PCR in the blood (squares) and 

aorta (circles) of C57BL/6 mice after 11 days of standard chow (SCD) (closed symbols) or 

high-phosphate diet (HPD) (open symbols). (B) Blood urea nitrogen (BUN) was not elevated 

in C57Bl/6 mice exposed to HPD for 11 days (n=4, open squares) when compared to controls 

on SCD (n=4, closed squares). Data shown in this figure was previously published (1).  
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Injection of syn-mmu-miR-142-3p restores miR-142-3p bioavailability 

 

Since we only found a significant negative association between microRNA-142-3p and 

carotid-femoral pulse wave velocity, we specifically focused on this microRNA and its role 

in chronic kidney disease. In the investigated chronic kidney disease cohorts with dialysis 

treatment, blood microRNA-142-3p levels were significantly lower than in the healthy 

control group (Figure 3.). Three patients already underwent kidney transplantation in the 

Austrian cohort and their microRNA-142-3p blood levels were similar to the healthy 

controls (Figure 3.). DBA/2 mice showed a similar downregulation of blood microRNA-

142-3p after eleven days of high phosphate diet (Figure 3.). However, high-phosphate diet 

had no effect on the microRNA-142-3p expression in C57BL/6 mice after eleven days, 

excluding the possibility of a direct, diet induced effect (Figure 2.). In order to further 

investigate the functional consequences of the microRNA-142-3p downregulation in our 

model, we designed experiments to restore the bioavailability of microRNA-142-3p. We 

used the JetPEI delivery system with a synthetic microRNA mimic (syn-mmu-miR-142-3p) 

which was administered to the mice via tail vein injections. The mice were injected on the 

ninth day of high-phosphate diet, then sacrificed and evaluated on the eleventh day. With 

this intravenous experimental intervention, aortic miRNA-142-3p bioavailability was 

successfully restored in our animal model (Figure 3.). Furthermore, the syn-mmu-miR-142-

3p treatment had no effect on kidney function or morphology. There was no diffrence 

between the syn-mmu-miR-142-3p and the control treated mice on high phosphate diet in 

regards of renal calcification and PAS positive tubular casts. Kidney function was also 

similar between the high-phosphate fed groups after eleven days of high-phosphate diet, 

which was estimated by blood urea nitrogen levels. Compared to standard chow fed mice, 

both high-phosphate diet fed groups had higher PAS scores, increased renal calcification and 

elevated blood urea nitrogen levels (Figure 4.). 

 

  



41 

 

 

 

Figure 3.3. Fig 

miR-142-3p is downregulated in uremic patients and mice 

(A) miR-142-3p expression was analysed by quantitative RT-PCR in the blood of two 

independent CKD 5D cohorts (n = 53 and n = 9, open squares), and a subset of CKD patients 

after kidney transplantation (KTx) (n = 3, closed diamonds). The expression was normalized 

to healthy controls (n = 8, closed squares). (B) miR-142-3p expression was analysed in the 

blood of DBA/2 mice on high phosphate diet (HPD) (n = 10, open squares) and compared 

to controls on standard chow (SCD) (n = 9, closed squares). miR-142-3p relative abundance 

was also measured in murine aortas with control siRNA injection (n = 13, open circles) and 

compared to controls on SCD (n = 14, closed circles), and mice on HPD treated with syn-

mmu-miR-142-3p (n = 13, closed diamonds). Data represent mean ± SEM. ** indicates p < 

0.01;**** indicates p < 0.0001. Data shown in this figure was previously published (1). 
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Figure 4.4. Figure 1. 

Treatment with syn-mmu-miR-142-3p did not affect renal phenotype 

DBA/2 mice were fed standard chow (SCD) or high-phosphate diet (HPD), and were treated 

with syn-mmu-miR-142-3p mimic or negative control siRNA 48 hours before the end of the 

experiment. The mice were divided into 3 treatment groups: SCD with control injection (A, 

D; grey triangles), HPD with control injection (B, E; closed circles), and HPD with mimic 

injection (C, F, red open circles). Renal calcification was detected by Alizarin Red S staining 

on kidney sections (A-C) and by measuring the total calcium content of kidneys (H). Tubular 

casts were counted in PAS stained kidney sections (D-F, I). Kidney function was assessed 

by blood urea nitrogen (BUN) levels (G). Representative images are shown (A-F). Data 

represent mean ± SEM. ****indicates p < 0.0001. The size bars display 500 μm for A-C and 

25 μm for D-F. Data shown in this figure was previously published (1).  
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Syn-mmu-miR-142-3p improves aortic relaxation attenuated by uremia 

 

In order to further analyse the specific role of microRNA-142-3p on vascular phenotype and 

to get more insight into the mechanisms involved, we designed exeriments and evaluated the 

mineral content of aortic rings by mass spectrometry. DBA/2 mice were fed high phosphate 

diet for eleven days and they were either injected with the syn-mmu-miR-142-3p microRNA 

mimic or a negative control two days before the end of the experiment. The aortas of the 

mice were isolated, lyophilised and evaluated by mass spectrometry. Despite the succesful 

restoration of microRNA-142-3p bioavailability, there were no significant differences in 

calcium, phosphorus and magnesium content between the treated and the control group 

(Figure 5.). 

In another set of experiments, we used wire myography to measure functional parameters of 

explanted aortic rings. We found that uremia, caused by eleven days of high phosphate diet, 

significantly increased the KPSS-mediated contraction of the aortic rings, as well as their 

maximum contraction force. Uremia had no effect on norepinephrine-mediated contraction. 

These functional parameters were not affected by the syn-mmu-miR-142-3p treatment 

(Figure 6.). 

Acetylcholine-induced relaxation was examined on norepinephrine-precontracted aortic 

rings. We observed an impaired relaxation in uremic mice compared to DBA/2 mice which 

were fed standard chow, but acetylcholine-induced relaxation was restored to control levels 

in mice treated with syn-mmu-miR-142-3p. Neither chronic kidney disease with uremia, nor 

restored microRNA-142-3p bioavailability had any effect on sodium nitroprusside-mediated 

relaxation (Figure 7.).  
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Figure 5.5. Figure 1. 

Mineral deposition in DBA/2 mice after injection of syn-mmu-miR-142-3p mimic 

Measurement of calcium (B) phosphorus (C) and magnesium (D) content in aortic tissue by 

mass spectrometry after succesful treatment of uremic DBA/2 mice with syn-mmu-miR-

142-3p mimic and respective controls (A). Data shown in this figure was previously 

published (1). 
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Figure 6.6. Figure 1. 

Effects of high phosphate diet on aortic contraction 

DBA/2 mice were either fed standard chow (SCD) or high-phosphate diet (HPD) and were 

treated with syn-mmu-miR-142-3p mimic or negative control siRNA 48 hours before the 

end of the experiment. Animals were divided into four treatment groups: SCD with control 

injection (grey closed triangles), SCD with mimic injection (grey open triangles), HPD with 

control injection (closed circles), and HPD with mimic injection (red open circles). KPSS 

contraction over time (A), maximum KPSS contraction force (B) and norepinephrine-

induced contraction (C) were evaluated in all four groups. Data represent mean ± SEM. * 

indicates ***p < 0.001, and ****p < 0.0001 between mice on HPD that were treated either 

by injection of syn-mmu-miR-142-3p mimic or negative control siRNA. # indicates p < 0.05 

between HPD + control and SCD + control groups. Data shown in this figure was previously 

published (1).  
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Figure 7.7. Figure 1. 

Syn-mmu-miR-142-3p restores aortic relaxation attenuated by uremia 

DBA/2 mice were either fed standard chow (SCD) or high-phosphate diet (HPD) and were 

treated with syn-mmu-miR-142-3p mimic or negative control siRNA 48 hours before the 

end of the experiment. Animals were divided into 4 treatment groups: SCD with control 

injection (grey closed triangles), SCD with mimic injection (grey open triangles), HPD with 

control injection (closed circles), and HPD with mimic injection (red open circles). 

Acetylcholine (ACh)-induced relaxation of NE-precontracted aortic rings (A) and sodium 

nitroprusside (SNP)-mediated relaxation of NE-precontracted aortic rings (B) were 

evaluated in all four treatment groups. Data represent mean ± SEM.  * indicates *p < 0.05 

and ****p < 0.0001 between mice on HPD that were treated either by injection of syn-mmu-

miR-142-3p mimic or negative control siRNA. Data shown in this figure was previously 

published (1).  
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In order to identify the mechanisms contributing to the syn-mmu-miR-142-3p-mediated 

restoration of acetylcholine-induced relaxation of aortic rings from uremic mice, we 

investigated the role of endothelial-derived prostanoids in our model. For this purpose, after 

eleven days of high-phoshate diet, and two days after the sny-mmu-miR-142-3p mimic 

injection the DBA/2 mice were sacrificed and their aortas were isolated. The aortas were cut 

into 2 mm wide rings and treated with acetylcholine in standard cell culture plates. Then 

thormboxane B2 (TXB2) and 6-keto-PGF1α were measured from the supernatants. We 

detected a significant down-regulation of the potent vasoconstrictor thromboxane A2 by 

measuring its metabolic product, thormboxane B2 (TXB2) in the supernatants when 

comparing syn-mmu-miR-142-3p treated mice to respective negative controls. Furthermore, 

the concentration of the vasodilatator prostacyclin (PGI2) was determined by measuring its 

metabolic product, 6-keto-PGF1α from the same samples and showed no difference between 

the treatment groups (Figure 8.) (1). 

Therefore, to further investigate the effect of prostanoids, myography was done in the 

presence of a cyclooxygenase inhibitor, diclofenac. As shown in Figure 9., diclofenac had 

no effect on the contraction of the vessels after KPSS or norepinephrine stimulation. Also, 

diclofenac did not fully abolish the effect of syn-mmu-miR-142-3p treatment on ACh-

induced relaxation (Figure 10.). For this reason, in the same experimental setup, we assesed 

the dose-response curve of acetylcholine on vascular relaxation in the presence and in the 

absence of diclofenac on control and on syn-mmu-miR-142-3p treated aortic rings. The IC50 

values were calculated via nonlinear regression curve fitting and were significantly different 

in all four groups (p < 0.001) (Figure 11.). These findings suggested that the contribution of 

syn-mmu-miR-142-3p-mediated changes of prostanoid synthesis play a significant role in 

the recovery of relaxation, but it is not solely responsible for the restoration of relaxation, 

additional mechanisms might be involved (1). 

In order to further dissect the effects of miR-142-3p on endothelium-mediated vascular 

relaxation, we determined the protein levels of endothelial nitric oxide synthase (eNOS) and 

its phosphorilated forms (peNOS) from the aortas by Wester blot analyses. The mimic 

treatment had no effect on eNOS protein expression and it did not change Ser1177 activating 

or Tyr495 inhibitory phospharilation (Figure 12.).  
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Furthermore, the basal nitric-oxide bioavailability was assessed on explanted, NE-

preconstricted aortic rings. The L-NNA-induced endothelium-dependent constrictor 

response, indicative of basal NO bioavailability, was significantly decreased in the aortic 

rings of mice with uremia compared to the control, standard chow fed mice. Syn-mmu-miR-

142-3p injection did not restore the NO bioavailability in the animals (Figure 12.). These 

results suggest, that in chronic kidney disease, uremia decreases the ACh-induced relaxation 

of the vessels as well as the basal NO bioavailability and only the first can be recovered by 

syn-mmu-miR-142-3p treatment. 

It is described in the literature that microRNA-142-3p has a role in hematopoietic 

differentiation and maturation (173-175). These effects of microRNA-142-3p should be 

considered when using it as a pharmacological agent. For this reason we prepared differential 

hemograms from the mice at the end of the experiments after eleven days of high phosphate 

diet. We found no difference in red blood cell or thrombocyte numbers, however syn-mmu-

miR-142-3p treatment had a clear effect on white blood cell numbers. Granulocyte numbers 

decreased whereas lymphocyte and monocyte numbers significantly increased 48 hours after 

the syn-mmu-miR-142-3p treatment (Figure 13.). 
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Figure 8.8. Figure 1. 

Syn-mmu-miR-142-3p reduces thromboxane synthesis 

DBA/2 mice were either fed high-phosphate diet (HPD) and were treated with syn-mmu- 

miR-142-3p mimic or negative control siRNA 48 hours before the end of the experiment. 

Animals were divided into two treatment groups: HPD with control injection (closed circles), 

and HPD with mimic injection (red open circles). The thromboxane B2 synthesis (TXB2) 

was significantly reduced in explanted aortic rings after treatment with syn-mmu-miR-142-

3p mimic injection (A). 6-keto-PGF1α synthesis was not affected by the syn-mmu-miR-142-

3p treatment.  Data represent mean ± SEM. ****indicates p < 0.0001. Data shown in this 

figure was previously published (1). 
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Figure 9.9. Figure 1. 

Effects of high phosphate diet on aortic contraction in the presence of diclofenac 

DBA/2 mice were either fed standard chow (SCD) or high-phosphate diet (HPD) and were 

treated with syn-mmu-miR-142-3p mimic or negative control siRNA 48 hours before the 

end of the experiment. Animals were divided into 3 treatment groups: SCD with control 

injection (grey closed triangles), HPD with control injection (closed circles), and HPD with 

mimic injection (red open circles). KPSS contraction over time (A), maximum KPSS 

contraction force (B) and norepinephrine-induced contraction (C) were evaluated in all 

treatment groups in the presence of 10 µM diclofenac. Data represent mean ± SEM. * 

indicates *p < 0.05 between mice on HPD that were treated either by injection of syn-mmu-

miR-142-3p mimic or negative control siRNA. # indicates p < 0.05 between HPD + control 

and SCD + control groups. Data shown in this figure was previously published (1).  
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Figure 10.10. Figure 1. 

Diclofenac treatment does not abolish the effect of syn-mmu-mir-142-3p on relaxation 

DBA/2 mice were either fed standard chow (SCD) or high-phosphate diet (HPD) and were 

treated with syn-mmu-miR-142-3p mimic or negative control siRNA 48 hours before the 

end of the experiment. Animals were divided into 3 treatment groups: SCD with control 

injection (grey closed triangles), HPD with control minjection (closed circles), and HPD 

with mimic injection (red open circles). Acetylcholine (ACh)-induced relaxation of NE-

precontracted aortic rings (A) and sodium nitroprusside (SNP)-mediated relaxation of NE-

precontracted aortic rings (B) were evaluated in the presence of 10 µM diclofenac. Data 

represent mean ± SEM.  * indicates *p < 0.05, **p < 0.01 and ***p < 0.001 between mice 

on HPD that were treated either by injection of syn-mmu-miR-142-3p mimic or negative 

control siRNA. Data shown in this figure was previously published (1).  
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Figure 11.11. Figure 1. 

The extent of thromboxane mediated effect of miR-142-3p on relaxation 

DBA/2 mice were fed high-phosphate diet (HPD) for 11 days and were treated with syn-

mmu-miR-142-3p mimic or negative control siRNA 48 hours before the end of the 

experiment. The effect of syn-mmu-miR-142-3p on acetylcholine (ACh)-induced relaxation 

of NE-precontracted aortic rings was measured in the presence or in the absence of 

diclofenac (10 µM). Samples were divided into 4 treatment groups: HPD with control 

injection (black closed circles), HPD with mimic injection (red closed squares), HPD with 

control injection, measured in the presence of diclofenac (grey closed circles), and HPD with 

mimic injection, measured in the presence of diclofenac (orange closed squares). IC50 

values were calculated via nonlinear regression curve fitting and were significantly different 

in all four groups (p < 0.001). Data shown in this figure was previously published (1). 
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Figure 12.12. Figure 1. 

MiR-142-3p treatment does not affect NO bioavailability or eNOS phosphorilation 

DBA/2 mice were fed high-phosphate diet (HPD) and were treated with syn-mmu-miR-142-

3p mimic or negative control siRNA 48 hours before the end of the experiment. Aortas from 

the mice were isolated, cut into 2 mm rings, then treated with 10 µM acetylcholine for 10 

minutes. Endothelial nitric oxide synthase (eNOS) phosphorilation was evaulated by 

Western blot for Tyr495 inhibitory (A) and Ser1177 activating (B) phosphorilation sites. 

Densitometric analyses were performed for quantification (C and D). The L-nitroarginine 

(L-NNA)-induced endothelium-dependent constriction response in NE-preconstricted aortic 

rings was evaluated via wire myography (E). Data shown in this figure was previously 

published (1).  
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Figure 13.   13 

MiR-142-3p treatment affects white blood cell numbers 

DBA/2 mice were high-phosphate diet (HPD) and were treated with syn-mmu-miR-142-3p 

mimic or negative control siRNA 48 hours before a differential hemogram was made. Syn-

mmu-miR-142-3p decreased the granulocyte numbers (A) and increased the monocyte and 

lymphocyte counts (B and C). * indicates *p < 0.05 and ***p < 0.001. 
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Discussion 

 

Chronic kidney disease is a severe and common condition. The prevalence of chronic kidney 

disease is 13,4% in the world and CKD stage 3-5 affects 10,6% of the population (25). The 

primary cause of morbidity and mortality in chronic kidney disease is cardiovascular disease 

and chronic kidney disease is tightly associated with an increased risk of cardiovascular 

morbidity and mortality (1, 66). The risk of cardiovascular disease and cardiovascular 

mortatily is increased in end-stage renal disease (ESRD) patients 10-100-fold compared to 

patients with intact kidney function. Extensive research on the role of microRNAs in chronic 

kidney disease associated vascular disease is lacking. However microRNA research is 

quickly expanding, especially on different types of cancer. 

More and more microRNAs provide promising targets in the treatment of several diseases 

and microRNA delivery possibilities are also expanding. There are already clinical trials in 

phase I and phase II stages, investigating the potential clinical use of microRNA therapies. 

However, miRNA therapies in cardiovascular diseases are only investigated in cardiac 

diseases and to our knowledge no microRNA therapy was investigated in the treatment of 

endothelial dysfunction so far. In this study, we used the state of the art in vivo JetPEI 

method to deliver the synthetich microRNA-142-3p mimic in vivo and provided a promising 

target for further research in the treatment of endothelial dysfunction in chronic kidney 

disease. 

Vascular tone is regulated by the endothelium via different regulators which maintain the 

balance between vasodilatation an vasoconstriction (176). In this thesis we provide evidence 

that microRNAs are involved in uremic endothelial dysfunction. Our result show that blood 

microRNA-142-3p levels are negatively associated with carotid-femoral pulsewave velocity 

in end-stage renal disease patients, which is a marker for arterial stiffnes and a prognostic 

factor for cardiovascular morbidity and mortality. Decreased microRNA-142-3p levels 

might play a pathogenic role in chronic kidney disease both in humans and in mice, since 

restoring microRNA-142-3p bioavailability improved ACh-mediated vascular relaxation in 

uremic DBA/2 mice (1). 

  



56 

 

So far the effects of miR-142-3p were mainly investigated in different types of cancers (177-

183). To our knowledge, in this study we provide the first direct functional evidence of an 

in vivo effect of microRNA treatment in uremic vascular disease. We further extend the 

previous findings of Zhang et al., who showed that the expression of eNOS in human 

peripheral blood-derived endothelial progenitor cells are promoted by microRNA-142 in 

vitro (184). Moreover, our results also support the findings of Sharma et al., who showed 

that microRNA-142-3p and microRNA-142-5p play a critical role in the adaptation to 

hemodynamic stress in adaptive cardiac hypertrophy (116).  

In this thesis, we provide proof that microRNA-142-3p is not just a mere biomarker of 

chronic kidney disease and endothelial dysfunction, but rather plays a direct, functional role 

in vascular relaxation. It is also a mediator of impaired ACh-mediated vascular relaxation in 

end-stage renal disease and uremia. MicroRNA-142-3p could present a potential 

pharmacological target in the prevention of the arterial stiffness in uremia. 

In uremic conditions there are profound vascular changes which have large-scale effects on 

endothelial cells as well as on vascular smooth muscle cells. These vascular changes are 

associated with an increased risk of cardiovascular morbidity and mortality (66-69). Several 

microRNAs are already described as biomarkers or regulators in vascular calfication and in 

this study we provide a list of microRNAs which could act as biomarkers or have a functional 

role in chronic kidney disease and vascular disfunction as well (185-193). Our results 

corroborate the findings of Goettsch et al. who found miR-125b to be significantly 

downregulated in human coronary smooth muscle cells after 21 days of calcifying 

conditions. In apolipoprotein E knockout mice, they also found that miR-125b was 

downregulated in the calcified aortas (192).  

Evidence about the functional role of microRNAs in vessel impairment during uremia is 

only beginning to emerge. Our results support the findings of Shang et al. who showed that 

uremic serum could induces microRNA-92 expression in vitro in cultured endothelial cells. 

They also found that microRNA-92 is associated with uremic toxin levels in chronic kidney 

disease patients (1, 194). 
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The exact mode of action of microRNA-142-3p in ACh-mediated vascular relaxation is not 

yet fully understood. Partly it is attributable to the attenuation of thromboxane A2 signaling, 

which is a potent vasoconstrictor and it does not affect the vasodilatator prostacyclin 

pathway. Restoring microRNA-142-3p levels in vivo did not affect the basal NO 

bioavailability, as shown by the L-NNA-induced endothelium-dependent constrictor 

response in NE-preconstricted aortic rings. Also neither decreased inhibitory Tyr495, nor 

increased activating Ser1177 eNOS phosphorylation played a role in the increased ACh-

mediated relaxation in our animal model. However, our results and experiments do not 

exclude an augmented NO bioavailability after endothelial activation in vivo. An increased 

activation or induction of the eNOS pathway due to altered intracellular localisation of eNOS 

or a higher efficacy of ACh-mediated signalling could also contribute to the protective 

effects of the syn-mmu-miR-142-3p treatment on vascular relaxation in uremic conditions. 

MicroRNA-142-3p also plays a role in the maturation of T cells and in hematopoietic lineage 

formation (173-175). We also found that granulocyte numbers decreased whereas 

lymphocyte and monocyte numbers significantly increased 48 hours after the syn-mmu-

miR-142-3p treatment. These effects of microRNA-142-3p should be considered when using 

it as a pharmacological agent and might limit its therapeutic applications. These potential 

additional effects deserve further evaluation, especially when considering long-term 

therapeutic treatments with synthetic miR-142-3p mimics.   

The small sample size of the healthy, control cohort and the limited number of end-stage 

renal disease patients who underwent kidney transplantation and were controlled after one 

year constitutes a limitation of this study. Further investigation is needed on larger cohorts 

in order to safely determine the exact extent of microRNA-142-3p as a biomarker and 

pharmacological tool in end-stage renal disease. 

In our experiments, the pharmacological intervention with intravenous injecton of the 

synthethic microRNA-142-3p mimic did not affect the degree of vascular calcification in 

our animal model. This finding reflects also the human data, where we did not find any 

association of microRNA-142-3p blood levels with vascular calcification which was 

assessed by computed tomography. However we found that blood microRNA-142-3p levels 

were negatively associated with carotid-femoral pulse wave velocity and in our animal 

model synthethic microRNA-142-3p mimic injections ameliorated the impaired ACh-

mediated endothelium dependent vascular relaxation. Our different findings on 
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morphological and functional levels in uremic vessels highlight the fact that endothelial 

dysfunction with impaired ACh-mediated vascular relaxation significantly contributes to 

arterial stiffness and may precede morphological changes in the tunica media with VSMC 

phenotypic transdifferentiation. In fact, the microRNA profile was reversible in the subgroup 

of patients after kidney transplantation and this change was independent of age, dialysis 

vintage or dialysis modality. 

Taken together, pharmacological exploitation of naturally occurring microRNAs and 

especially microRNA-142-3p could be a potential avenue to counteract vascular dysfunction 

in uremia and might thus ultimately prevent deleterious cardiovascular endpoints in patients 

with end-stage renal disease (1). 
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Outlook 

 

The first microRNA was discovered in 1993 and microRNA research quicky expanded after 

2000. Several researchers made significant contributions to this field which helped to 

understand the general mode of action of these molecules. Despite the remarkable advances 

in microRNA research, there is still only limited amount of data available about microRNA 

involvement in human diseases.  

In this study we identified details of the microRNA-142-3p signaling pathway in chronic 

kidney disease, but our understanding of the exact pathomechanism is still restricted. Further 

research should focus on finding the RNA molecule which acts as the first step in the 

pathway. Also the mode of action of microRNA-142-3p is not solely attributable to its effect 

on thromboxane levels, additional investigation should focus on finding other molecules 

which contribute to the patomechanism.  

The low number of patients constitutes a limitation to this study, it should be considered to 

enroll patients from different centers and evaluate their microRNA expression patterns as 

well. Also it should be assessed whether expanding the investigated microRNA panel would 

yield further potential biomarkers and pharmaceutical targets which could help in the early 

diagnosis and treatment in chronic kidney disease and vascular calcification. 

The research performed on microRNAs in human diseases helps expanding our knowledge 

on their mode of action and might reveal patomechanisms which are not yet described. The 

highly interdisciplinary approach provides an excellent oppurtinity for researchers and 

clinicians to solve this problem together. 
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