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Abstract in German – Part A  

 

 

Einleitung: Chronische Niereninsuffizienz (CKD) wird durch eine signifikante Morbidität 

und Mortalität charakterisiert. Eine der häufigsten Komplikationen der CKD ist ein 

gestörter Mineral- und Knochenstoffwechsel. Diese Störungen werden allgemein als 

chronic kidney disease-mineral and bone disorder (CKD-MBD) zusammengefasst. CKD-

MBD ist der Hauptgrund für die extensiv ansteigende kardiovaskuläre Mortalität bei 

Patienten mit CKD. Wir haben ein neues nicht invasives Mausmodell für die CKD-MBD 

entwickelt. 

 

Methoden: Dilute brown non-Agouti (DBA/2) Mäuse sind anfällig für ektope 

Nierenverkalkung, wenn sie einer erhöhten oralen Phosphatgabe ausgesetzt sind. Um einen 

Nierenschaden zu erzeugen, wurden diese Mäuse mit Standardfutter (SCD) oder 

Hochphosphatfutter für vier Tage (HPD4) oder 7 Tage (HPD7) mit sofortiger Rückkehr zu 

Standardfutter für 84 Tage gefüttert. Es wurden Serum und Urinproben sowie Proben von 

Nieren und Knochen für histologische Untersuchungen und RT-PCR gesammelt. Weiters 

wurden kardiovaskuläre Untersuchungen durchgeführt. 

 

Ergebnisse: Sowohl die Mäuse der HPD4 Gruppe als auch die Mäuse der HPD7 Gruppe 

haben eine Phosphatnephropathie mit tubulärer Atrophie sowie interstitielle Fibrose 

entwickelt. Außerdem wiesen die Mäuse beider Gruppen eine signifikant reduzierte 

glomeruläre Filtrationsrate (GFR) sowie erhöhte Serum-Harnstoffwerte auf. Die 

Echokardiografie zeigte eine leichte Erhöhung der linksventrikulären Muskelmasse mit 

intakter linksventrikulärer systolischer Funktion. Die abdominale Aorta von HPD-Mäusen 

wiesen Zeichen einer Mediaverkalkung auf. Histomorphometrische Untersuchungen von 

HPD-Mäusen offenbarten im Gegensatz zu den SCD-Mäusen ein reduziertes 

Knochenvolumen/Gewebevolumen (BV/TV) sowie eine niedrigere Mineralappositions- 

und Knochenformationsrate. Außerdem waren die Pth- Werte in den HPD-Mäusen erhöht. 

Generell ist anzumerken, dass der beobachtete Phänotyp in der HPD7 Gruppe ausgeprägter 

war als in der HPD4 Gruppe. 
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Schlussfolgerung: Wir präsentieren hier ein neues, nicht invasives Modell der CKD-

MBD, welches viele Merkmale des humanen Äquivalents widerspiegelt. Unser Modell ist 

durch Mediaverkalkung, sekundären Hyperparathyreoidismus und einer Knochenanomalie 

mit niedrigem Knochen-Turnover gekennzeichnet. So ist dieses Modell ein nützliches 

Werkzeug für die weiteren Untersuchungen von pathogenen Faktoren in der CKD-MBD 

ohne die Notwendigkeit von chirurgischen Methoden. 
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Abstract in English – Part A  

 

 

Introduction: Chronic kidney disease (CKD) is characterized by long-term morbidity and 

mortality. We developed a murine model of CKD and evaluated the kidney-phenotype 

along with the systemic changes in endocrine and metabolic parameters. 

 

Methods: DBA/2NCrl mice are susceptible to ectopic renal calcification when exposed to 

increased oral phosphate loads. In order to cause renal damage, these mice were fed 

standard chow diet or high phosphate diet for four days (HPD4) or 7 days (HPD 7) with 

subsequent return to SCD for 84 days Serum and urine samples, as well as samples for 

histology and qPCR were taken from kidney and bone. Additionally, transthoracic 

echocardiography was performed.  

 

Results: CKD mice developed uremic kidney disease with marked calcification of the 

kidneys and a marked reduction in measured glomerular filtration rate (GFR) as 

determined by FITC-inulin clearance. Echocardiographic evaluations revealed a trend of 

an increase of left ventricle mass, whereas left-ventricular function was not affected. The 

abdominal aorta in HPD fed mice showed signs of media calcification. 

Histomorphometrical analysis revealed reduced bone volume/tissue volume (BV/TV) as 

well as a decreased mineral apposition rate (MAR) in HPD mice when compared with 

SCD mice. Additionally, serum Pth levels were increased in HPD mice. The described 

phenotype was more pronounced in mice from the HPD7 group than in mice from HPD4 

group. 

 

Conclusion: We here present a model of chronic kidney disease-mineral and bone disorder 

which reflects important features of the human equivalent. Our model is characterized by 

media calcification, secondary hyperparathyroidism and low-turnover bone disease. This 

animal model may serve as useful tool for the investigation of pathogenic features of 

CKD-MBD without the need for surgical methods. 
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Abstract in German – Part B 

 

 

Einleitung: Chronische Niereninsuffizienz und Diabetes mellitus sind mit einer starken 

Verkalkung der Tunica media verbunden. Die Verkalkung der Tunica media wird nicht nur 

von systemischen Faktoren wie Hyperphosphatämie oder Hyperglykämie bestimmt, 

sondern ist auch von den vaskulären glatten Muskelzellen abhängig. Das Ziel unserer 

Untersuchungen war es die Rolle der Autophagie in der Pathogenese der urämischen 

Mediaverkalkung zu untersuchen.  

 

Methoden: DBA/2NCrl Mäuse werden für 5 oder 12 Tage mit Hochphosphatfutter 

behandelt. DBA/2 Mäuse welche Standardfutter bekommen, dienen als Kontrolle. Um die 

Autophagie zu beeinflussen, wurde den Mäusen am Tag -3 Rapamycin (0.5 mg/kg 

Körpergewicht) intraperitoneal injiziert. Für in vitro Untersuchungen wurden vaskuläre 

glatte Muskelzellen (MOVAS) verwendet. Das Medium wurde mit Ascorbinsäure und -

Glycerolphosphat versehen, um eine Verkalkung hervorzurufen. Um die Autophagie zu 

beeinflussen wurden die Zellen mit entweder Rapamycin, 3-Methyladenin oder 

Bafilomycin behandelt. Sowohl die Aorten der DBA/2 Mäuse als auch MOVAS wurden 

mit Hilfe von qPCR, Western Blot, histologischen Techniken untersucht.  

 

Ergebnisse: DBA/2NCrl Mäuse welche HPD bekamen, entwickelten eine schwere 

vaskuläre Verkalkung und auch die Zellen unter Verkalkungsbedingungen wiesen starke 

Verkalkungen auf. qPCR Analysen von Mausaorten, welche HPD bekamen, zeigten eine 

signifikant erhöhte Geneexpression von Autopahgie bezogenen Genen auf. Proteinwerte 

von LC3-II waren in den Aorten der HPD Mäuse signifikant erhöht und die 

dazugehörenden p62 Werte erniedrigt. Histologische Untersuchungen, zeigten dass die 

Autophagie vor allem in der Tunica media der Aorten lokalisiert war und diese mit der 

Dauer der Verabreichung der HPD anstieg. Die Behandlung mit Rapamycin erhöhte die 

Autophagie sowohl im Maus- als auch im Zellmodell. Die Behandlung mit Rapamycin 

hatte eine signifikante Reduzierung der Verkalkung in vitro und in vivo zur Folge. 

Außerdem hatten HPD Mäuse, welche mit Rapamycin behandelt wurden, eine höhere 

Überlebensrate als HPD Mäuse, welche mit Vehicle behandelt wurden.  
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Schlussfolgerung: Diese Ergebnisse beweisen, dass die Autophagie eine wichtige Rolle 

bei der Entstehung der urämischen Mediaverkalkung einnimmt. Außerdem schützt die 

Autophagie, wenn sie durch Rapamycin erhöht wird, vaskuläre glatte Muskelzellen als 

auch Mausaorten vor der Verkalkung.  
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Abstract in English – Part B 

 

 

Introduction: Chronic kidney disease and diabetes mellitus are associated with extensive 

media calcification. The calcification of the tunica media is not only driven by systemic 

factors such as hyperphosphatemia and hyperglycemia, but is also dependent on vascular 

smooth muscle cells. The aim of our study was to investigate the role of autophagy in the 

pathogenesis of uremic media calcification.  

 

Methods: DBA/2NCrl mice were fed with high phosphate diet (HPD) for 5 or 12 days. 

DBA2/N mice on standard chow diet (SCD) were used as controls. To influence autophagy 

mice were treated intraperitoneally with 0.5 mg rapamycin per kg body weight starting on 

day -3. For our in vitro experiments, mouse muscular smooth muscle cells (MOVAS) were 

used. The medium was supplemented with ascorbin acid and -glycerolphosphate to 

induce calcification. To influence autophagy, cells were treated with rapamycin or 3-

methyladenin or bafilomycin. Aorta samples as well as MOVAS were analyzed using 

qPCR, Western Blot, and histology. 

 

Results: DBA2/NCrl mice on HPD developed a severe vascular calcification and also the 

cells showed calcification in presence of calcifying medium. qPCR of mouse aortas 

revealed a significantly higher gene expression of autophagy related genes such as igfbp3 

or trp53in on day 5 and 12 on HPD. The protein levels of the autophagy markers LC3-II/I 

were also significantly increased in aortas of mice on HPD. In line protein levels of p62 

were downregulated. By using histological staining, we showed that autophagy is located 

in the tunica media of the aortas and that it increases with the time on HPD. Rapamycin 

treatment further increased autophagy in vivo and in vitro. Rapamycin treatment resulted 

in a significant decrease of vascular calcification in vivo and in vitro. Furthermore, 

Rapamycin-treated mice survived longer compared to vehicle-treated controls. 

 

Conclusion: These findings indicate that autophagy plays an important role in the 

development of uremic media calcification. Furthermore, induction of autophagy by 

Rapamycin protects cells and mice from uremic media calcification. 
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General Introduction 

 

 

Chronic kidney disease 

 

 

Prevalence of kidney disease  

 

The 2012 Kidney Disease – Improving Global Outcome (KDIGO) clinical practice 

guideline for the evaluation and management of chronic kidney disease (CKD) define 

kidney disease “as an abnormality of kidney structure or function with implications for the 

health of an individual, which can occur abruptly, and either resolve or become 

chronic”(3). 

 

Acute kidney injury (AKI) is described as an abrupt, within hours, decrease in kidney 

function, which includes both structural damage and loss of kidney function. AKI might 

resolve or might lead to various complications, such as metabolic acidosis or uremia, 

resulting in death (4). CKD is a worldwide health burden with increasing economic cost to 

health system and with a risk factor for end stage renal disease (ESRD) resulting in the 

need of renal replacement therapy (5).  

 

A meta-analysis of 100 studies since 2001, covering 112 populations, displayed that a 

globally CKD prevalence stage 1 to 5 was 13.4% and 10.6% in stages 3 to 5. These 

findings indicate that CKD is more common than diabetes, which has an estimated 

prevalence of 8,2% (5). Of note, women were more affected by CKD than men (5).  

Nevertheless, for CKD management per se, the geographic region, age and race as well as 

ethnicity should be considered. An extensive difference in both CKD stages 1-5 and CKD 

stages 3-5 prevalence in Europe was found. The adjusted CKD stages 1-5 prevalence 

ranged from 3.31% in Norway to 17.3% in northeast Germany. The adjusted CKD stages 

3-5 prevalence varied between 1.0% in central Italy and 5.9% in northeast Germany (6).  

The incidence rate of AKI is poorly known because of missing documentation, regional 

disparities and differences in definition (7). Still, epidemiological studies reported 1811 

incidences of AKI per million population (8).  
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Definition and classification of CKD  

 

The conceptual model of CKD was developed by the National Kidney Foundation’s 

Kidney Disease Quality Outcome Initiative in 2002 and was revised and adopted by the 

international consensus of KDIGO in 2005. This worldwide accepted model includes 

initial kidney damage, which is followed by a reduction of glomerular filtration rate (GFR) 

and finally leads to kidney failure (9). The development and progression of CKD evolves 

over a long time and is marked by a latency period without symptoms, before decreased 

kidney function causes late onset of symptoms (9).  

 

This conceptual model as well as the KDIGO guidelines are responsible for defining the 

criteria of CKD. Thus, CKD is defined as kidney damage or GFR <60 mL/min/1.73 m
2
 for 

a period of 3 months or more (10). Kidney damage per se is defined as structural or 

functional abnormality of the kidney (10). Structural or functional abnormalities are 

described by pathological abnormalities and altered markers of kidney damage. This 

markers include history of kidney transplantation, urine abnormalities, such as 

albuminuria, blood abnormalities such as renal tubular syndromes, or imaging 

abnormalities like polycystic kidney or hydronephrosis (9). Albuminuria is one of the most 

important criteria, for defining CKD. It is an early marker of kidney damage due to 

diabetes, glomerular disease as well as hypertension and reflects increased glomerular 

permeability. On the one hand high levels are associated with adverse outcomes, including 

progression of kidney and cardiovascular disease. On the other hand therapies that reduces 

albuminuria are associated with a slower the progression of kidney disease (9).  

 

Besides of albuminuria, GFR seems to be the best overall index to characterize kidney 

function in health and disease. The only disadvantage is that GFR measurement is difficult 

to perform. This why in the clinical practice, GFR is estimated from serum creatinine 

concentrations (9). Generally low GFR levels are scarce in the young population under 40 

years, but low levels are linked with increasing complications of CKD as well as adverse 

outcomes, including cardiovascular diseases, morbidity and mortality (9).  

Furthermore, a combination of GFR levels and albuminuria categories is used to define the 

stage of CKD in order to permit the best treatment strategies for patients suffering from 

CKD.  
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Therefore, the KDIGO 2012 guidelines estimate the prognosis of CKD depending on GFR 

categories and categories of albuminuria (3, 11). GFR categories are divided into G1 (90 

ml/min/1.73 m
2
, normal or high), G2 (60-89 ml/min/1.73 m

2
, mildly decreased), G3a (45-

59 ml/min/1.73 m
2
, mildly to moderately decreased), G3b (30-44 ml/min/1.73 m

2
, 

moderately to severely decreased), G4 (15-29 ml/min/1.73 m
2
, severely decreased) and G5 

(<15 ml/min/1.73 m
2
, kidney failure) (3, 11).  

The categories of albuminuria are A1 (<30 mg/g creatinine, normal to mildly increased), 

A2 (20-300 mg/g creatinine, moderately increased) and A3 (>300 mg/g creatinine, 

severely increased) (3, 11).  

 

For example, on the one hand GFR categories G1 and G2 in combination with an 

albuminuria category A1 are marked with a low risk, but on the other hand the same GFR 

categories linked with an albuminuria category A2 are characterized by a moderately 

increased risk. However, patients with a GFR of category G1 or G2 and with an 

albuminuria of category A3 are diagnosed with a high risk (3, 11).  

 

The separation of CKD stage 3 into CKD G3a and G3b is essential, because in stage 3 an 

increase of the mortality rate is observed (12). Especially the risk of cardiovascular events 

resulting in an increased risk of death increases massively between CKD G3a and G3b 

(13).  

A lot of symptoms occur only in progressed CKD, especially in patients with CKD stages 

4 to 5. Side effects of decreased GFR include hypertension, anemia, malnutrition, bone and 

mineral disorder as well as general decreased quality of life (9). The burden of these 

complications highlights the importance to start with therapeutic interventions at early 

stages of CKD in order to prevent or improve complications of decreased GFR.  
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Risk factors for development of CKD 

 

Since CKD is a worldwide health issue, the identification and understanding of risk factors 

for the development of CKD are very important (14).  

Nowadays, in both developed and developing countries, diabetes mellitus (DM) is the 

leading cause of CKD as well as ESRD. The underlying mechanisms that lead to the loss 

of kidney function in DM includes hyperfiltration injury and various molecular changes, 

which are linked to diabetic nephropathy (14, 15). Already 8% of new patients suffering 

from type 2 diabetes additionally have proteinuria (14, 15). When patients with type 2 DM 

develop proteinuria, their 10-year risk of developing progressive CKD is 11% (14, 16). 

Thus, albuminuria plays an important role in DM, since it is also a main predictor for 

mortality in type 2 DM (17). Furthermore 50% patients with type 2 DM will develop 

diabetic nephropathy and 10% of these patients will progressively loose their kidney 

function (14).   

 

Another strong risk factor for development of CKD as well as for ESRD is hypertension, 

since the risk for developing ESRD increases proportionally with increasing severity of 

high blood pressure (18). Of note, hypertension can be either a cause or a consequence of 

CKD (19) . Still, high blood pressure is a driving force in decreasing GFR in diabetic as 

well as in nondiabetic kidney disease and it is also an independent risk factor for the 

development of ESRD (19) .One mechanism of hypertension-related renal damage 

includes the systemic high blood pressure, which its transmitted to the kidney vasculature 

and eventually leads to a local barotrauma (19). Another mechanism is that the systemic 

high blood pressure is transmitted to the kidney and results in mechanical stretch of 

glomerular capillaries and mesangial cells, which induces a repair mechanism leading to 

glomerulosclerosis  (19).  

 

Obesity has been revealed to be one of the strongest modifiable risk factors for ESRD in 

the last years (20). The increased metabolic needs in patients, may leads to increased 

capillary glomerular pressure with following development of glomerulosclerosis (20). An 

epidemiologic study from Sweden demonstrated that obesity (BMI  30 kg/m
2
) in men and 

morbid obesity (BMI  35 kg/m
2
) among women lead to three- to fourfold higher risk to 

develop CKD (21) . 
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Low birth weight has been shown to be related to the development of CKD as well. Thus, a 

low birth weight is linked to low nephron numbers, which may result in intraglomerular 

hypertension and hyperfiltration in the remaining nephrons leading to low GFR levels (22, 

23).  

 

Experiencing acute kidney injury as well as a family history or genetic factors such as 

those causing polycystic kidney disease are additional risk factor for the development of 

CKD (14). Furthermore, gender, age and ethnicity play a role in the odds to develop CKD. 

Thus, it is known that the risk for the development of ESRD in African Americans is 

higher when compared with Caucasians and that renal function declines with age (14).  

 

The understanding of all these different risk factors for CKD and ESRD will increase early 

detection an may help to find the appropriate treatment for CKD (14). 
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Chronic kidney disease-mineral and bone disorder 

 

One of the most frequent complications of CKD is a disturbance of the mineral and bone 

metabolism, which are collectively referred to as chronic kidney disease-mineral and bone 

disorder (CKD-MBD) (24). These changes include biochemical abnormalities in calcium, 

phosphate, parathyroid hormone (PTH), fibroblast growth factor 23 (FGF-23) and vitamin 

D, bone abnormalities, such as changes in morphology, volume or mineralization, and 

vascular calcification as well as soft tissue calcification (24, 25).  

 

 

 

 

Figure 1: Chronic kidney disease-mineral and bone disorder.  

Biochemical abnormalities, bone abnormalities as well as soft and vascular calcification 

occur in CKD-MBD. Adopted from Nigwekar et al. (25) 

 

 

Biochemical abnormalities: balance of calcium and phosphate 

metabolism 

 

The mineral and bone metabolism is regulated by calcium, phosphate, PTH, FGF-23 and 

vitamin D related compounds (26). Alteration of these key players of the mineral 

homeostasis often result in hypocalcaemia, hyperphosphatemia, hyperparathyroidism, 

increased FGF-23 or hypovitaminosis D (27).  
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Phosphorus is an essential element that is necessary for many biological processes (28). 

Thus, compounds containing phosphorus are involved in cell structure, cellular 

metabolism, balancing of acid-base homeostasis as well as bone mineralization (29). In the 

human body phosphate is the most abundant anion and accounts for approximately 1% of 

total body weight. It mostly occurs intracellular with a concentration which is 100-fold 

greater than that of the plasma (29, 30). Around 85% of the total phosphate is bound in 

bone and teeth, 14% of phosphate is distributed between tissue, while 1% is in the 

extracellular fluid (29, 30). The control of serum phosphate is essential to avoid metabolic 

disorders (31). Since phosphate occurs as free anionic phosphate, it can be filtered across 

the glomerular size- and charge-specific barrier. Thus, the kidney is the key regulator to 

balance the phosphorus homeostasis, as changes in tubular reabsorption result in precise 

regulation of phosphate balance in the whole human body (31). The glomerular filtration is 

followed by reabsorption of phosphorus in the proximal tubule. The needed sodium 

phosphate antiporters are controlled by PTH, 1,25-OH vitamin D and FGF-23. In healthy 

individuals the precise phosphate handling leads to an accurate regulation of bone 

metabolism (31). In patients with a loss of kidney function, an increase of free phosphate is 

observed, since the kidney is not able to excrete the appropriate amount of phosphate. 

Upon increases in the levels of free phosphate osteocytes are stimulated to release FGF-23. 

FGF-23 increases the fractional excretion of phosphate and inhibits the hydroxylation from 

25-(OH)-vitamin D to active 1,25-(OH)2-viatmin D (31). Therefore, FGF-23 counteracts 

the activity of vitamin D and PTH. Due to decreased calcium levels, the synthesis of PTH 

is stimulated. The reduction of calcium levels is detected by the calcium sensing receptor 

on the parathyroid gland, whereupon increasing amounts of PTH are released (29-31). This 

process results in a release of calcium from the bone, since PTH activates osteoblasts, 

which leads to an activation of osteoclasts. Additionally, PTH increases the intestinal and 

tubular calcium and phosphate reabsorption, as it raises the availability of active Vitamin 

D by boosting the activity of 1a-hydroxylase. This enzyme catalyzes the hydroxylation 

from 25-OH vitamin D to active 1,25-(OH)2-viatmin D (31).  

 

One of the earliest signs of a disturbed in mineral and bone metabolism is an increase of 

serum FGF-23 levels (32, 33). A cross-sectional study demonstrated, that increased FGF-

23 is a common manifestation in patients with early CKD because of that, patients are able 

to increase fractional phosphate excretion to prevent phosphate retention (32). 
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Other characteristics of a disturbance in mineral and bone metabolism are alterations in 

vitamin D and PTH metabolism (32, 33), elevated phosphate levels (34) and decreased 

levels of FGF-23 coreceptor Klotho (35).  

 

 

Bone abnormalities  

 

Already in its early stages, CKD is accompanied by a disturbed mineral and bone 

metabolism. Therefore, patients with CKD as well as ESRD have an increased risk for 

bone loss resulting in various forms of renal bone disease (36). Furthermore, fractures are 

common in patients suffering from CKD and associated with high morbidity and mortality 

(37). The United States Renal Data System reported a four-fold increased risk for hip 

fractures in patients on hemodialysis (38).  

Renal osteodystrophy is the term that has been used in the past to describe the 

abnormalities in bone morphology that developed in CKD. Nowadays this traditional 

definition of renal osteodystrophy no longer completely describes the underlying bone 

pathology and does not cover all symptoms which are related to CKD-MBD (24). 

Therefore, the KDIGO guideline defines renal osteodystrophy as one measure of the 

skeletal component of the mineral and bone disorder that occur as a complication of CKD 

(10, 24). Renal osteodystrophy describes the alteration of bone morphology in patients 

with CKD and is evaluated by histomorphometry and bone biopsy (24).  

The bone abnormalities display a wide spectrum of different forms. In order to describe the 

various types of renal osteodystrophy three histological descriptors are used: bone 

turnover, mineralization and volume (24). This TMV classification system helps do define 

the pathophysiology and to find appropriate therapy strategy (10, 24).  

 

Turnover Mineralization Volume 

low  low 

 normal  

normal  normal 

 abnormal  

high  high 
 

Table 1: TMV classification system.  

TMV classification system: Turnover, mineralization and volume are used to describe the 

bone phenotype in renal osteodystrophy. Adopted from Moe et al. (24) 
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A healthy bone is a dynamic tissue which resorbs old bone tissue and replaces it with new 

bone. Thus, the turnover is determined the rate of bone formation, which is in a healthy 

bone that is in balance is the same as the rate of bone resorption (39). In patients without 

any bone disease, the osteoblasts lay down new collagen, followed by mineralization of the 

matrix. In patients with CKD this process can be delayed or disorganized. Thus the 

mineralization describes the extent to which surface is mineralized (39, 40). The bone 

density reflects the volumetric proportion of osteoids and is referred as bone volume. (40) 

 

Nevertheless, finding the appropriate diagnosis is still difficult since the spectrum of bone 

disease in patients with CKD and ESRD is widely spread. CKD patients may suffer from a 

bone disorder marked by high bone-turnover with a normal mineralization (41). This type, 

namely osteitis, is often depends on a secondary hyperparathyroidism (24, 41). Other 

alterations are characterized by low bone-turnover and decreased mineralization rates such 

as osteomalcia, which is often accompanied by a deficiency of vitamin D (41, 42). 

Furthermore, adynamic bone disorder may occur which is marked by a low turnover 

associated with normal mineralization and decreased bone volume (43).  

 

 

Vascular calcification as risk factor 

 

CKD and ESRD increase the risk of cardiovascular diseases as well as the risk of death 

(13). Thus, the cardiovascular mortality risk of patients suffering from ESRD is 5 to 10-

fold higher than in the general population (44, 45). Vascular calcification is highly 

prevalent in patients with ESRD, occurs many years earlier than in the general population 

and causes this high mortality and morbidity rate (44). Vascular calcification per se is an 

abnormal disposition of calcium in valves, blood vessel and the heart (46, 47). One of the 

challenges is that the progression of vascular calcification rapidly accelerates once patients 

start with dialysis (48).  

Calcification affects both the intimal and medial layers of vasculature, although media 

calcification is more common in patients with CKD and ESRD (46). Calcification of the 

tunica intima reflects atherosclerosis and is accompanied by inflammatory processes (49, 

50). The prototype of media calcification is called Monckeberg’s sclerosis and is related to 

aging, diabetes mellitus as well as to CKD (46). Calcification of the tunica media displays 

a diffuse mineral deposition throughout the vascular tree and is characterized by reduced 
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arterial distensibility (44). This arterial stiffness causes high blood pressure and leads to a 

reduction of coronary perfusion resulting in a left ventricular hypertrophy followed by an 

increased risk of heart failure and cardiovascular mortality (44).  

 

Development of media calcification can be independent of both atherosclerosis and 

increased levels of calcium and phosphate, since it can also result from a change in the 

phenotype of vascular smooth muscle cells (VSMCs) (44, 51).  

VSMCs origin from the mesenchyme and are therefore able to differentiate into other 

mesenchymal-derived cells upon stress or injury (52). Vascular calcification is based on 

the differentiation of contractile VSMCs into a chondrocyte or osteoblastic phenotype. 

This process is driven by active inducers, such as bone morphogenic protein 2 (BMP-2), an 

inducer of differentiation of VSMCs to osteoblast-like cells or run-related transcription 

factor 2 (Runx2), a transcription factor for osteoblast differentiation (44, 53). Due to a 

shifted balance in CKD and ESRD these active inducers are upregulated. In a non-

disturbed mineral and bone metabolism, these active inducers are counteracted by various 

inhibitors of vascular calcification, such as fetuin-A or matrix gla protein (44). Finally, this 

shift in the balance of inhibitors and promotors results in development of media 

calcification.  
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Autophagy 

 

Autophagy is an evolutionary conserved mechanism that involves cellular degradation and 

recycling and occurs in all eukaryotes. Autophagy plays an important role in cell survival 

and maintenance due to be a key regulator of degradation of cytoplasmic organelles, 

proteins and of recycling of breakdown products (54). In mammalian cells three main 

types of autophagy exist: microautophagy, macroautophagy and chaperone-mediated 

autophagy(55).  

 

 

Microautophagy 

 

Microautophagy is defined as lysosomal vacuolar membrane dynamics to transport 

cytosolic components into the lumen of lytic organelle (56). The cytoplasmic contents 

enter the lysosome through an invagination or deformation of the lysosomal membrane 

(54). Previous data reported that a process called endosomal microautophagy is able to 

transport soluble cystolic proteins to the vesicles of late endosomal multivesicular bodies 

(57).  

 

 

Chaperon-mediated autophagy 

 

Chaperon-mediated autophagy (CMA) is a proteolytic system which contributes to 

degradation of intracellular proteins in lysosomes (54, 58). The substrate proteins of CMA 

are specific to lysosomes and because of the coordinated process of chaperones located at 

both sides of the membrane they are able to translocate into the lysosomal lumen (58). The 

selectivity of CMA leads to a degradation of specific proteins resulting in supporting 

specific enzymatic metabolic processes. Furthermore, CMA plays a role in the cellular 

quality control, since CMA is responsible for removing damaged or malfunctioning 

proteins (58).  
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Macroautophagy 

 

Macroautophagy is the most extensively explored autophagy process. The initial step of 

macroautophagy is the formation of an isolation membrane, called phagophore, which 

originates from different intracellular membrane sources. The formation of the isolation 

membrane is followed by elongation and finally leads to a complete autophagosome. The 

next step is the fusion of lysosomes with autophagosomes and results in the formation of 

autolysosomes. In these autolysosomes the autophagic substrates are exposed to the 

hydrolytic interior of lysosomes which leads to their own degradation (59) (60).  

Dysfunction of macroautophagy is associated with both physiological and pathological 

conditions. Nowadays, around 38 autophgay-related genes are identified which control the 

complex process of autophagy in yeast. Approximately 50% of these genes are conserved 

up to human and there are additional genes with a function in higher eukaryotes that are 

not found in yeast. Furthermore, this regulatory process provides new therapeutic strategies 

for many diseases (61).  

 

 

LC3 and p62 

 

MAP1LC3/LC1 (microtubule-associated protein 1 light chain 3) is the mammalian 

equivalent to yeast Atg8 and is often used as marker to explore the role of autophagy (62). 

It is a key regulator of the whole autophagy process, since LC3 initiates autophagosome 

biogenesis. Still, the role of LC3 in autophagy is heavily discussed. Under nutrient-rich 

conditions, LC3 occurs in an acetylated form in both the nucleus and cytoplasm. Starving 

conditions lead to the redistribution of LC3 from the nucleus to the cytoplasm. This 

relocation is associated with the deacetylation of the protein by the activated nuclear 

deacetylase SITRT1 and with its nuclear interaction partner TP53INP2/DOR. This 

deacetylation is necessary for LC3 to bind to ATG7 for the subsequent lipidation. This 

indicates that the nuclear accumulation of LC3 is the primary source of membrane-

conjugated LC3 and that starving conditions may result in an induction of autophagy (63).  
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p62/SQSTM1 is a multifunctional protein and is involved in many cellular processes such 

as signal transduction or degradation of proteins and organelles (64, 65). p62 acts as a 

scaffold to bring together various components during a signaling pathway and plays an 

important role in the autophagic process (66). p62 directly binds to LC3 and is itself 

degraded by autophagy. Ubiquitinated proteins are degraded in the lysosome during the 

autophagic process since p62 is able to link these proteins to the autophagic machinery 

(67). 
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Part A - A new Murine Model of Chronic Kidney Disease-

Mineral and Bone Disorder 

 

 

Introduction 

 

 

Chronic kidney disease (CKD) is a global health burden with an increasing incidence and 

prevalence (68). The US Renal Data System 2017 Annual Data Report revealed that 14.8% 

of the US adult population has chronic kidney disease (69).  

 

Chronic kidney disease, especially end-stage renal disease (ESRD) is characterized by high 

cardiovascular morbidity and overall mortality. (13) The leading cause of mortality of 

patients with CKD as well as ESRD are cardiovascular diseases. This immense risk of 

cardiovascular disease is related to reduced vascular compliance, left ventricular 

hypertrophy, extensive arterial calcification and sudden cardiac death (70, 71). Non-uremic 

subjects develop arterial calcification, which characteristically affects intimal 

atherosclerotic plaques. In contrast CKD patients primarily develop a calcification of the 

tunica media, which is mainly present in the smooth muscle layers of large and medium-

sized arteries (72-74). Hence, uremic vascular media calcification and atherosclerotic 

intima calcification are distinct entities in CKD (73).  

 

The major driving force for the occurrence of media calcification is a disturbed mineral 

and bone metabolism (24, 75). Failing kidney function means that there is a dynamic 

deregulation in mineral homeostasis. This deterioration in mineral metabolism leads to a 

disturbance of the concentration of phosphorus and calcium levels in serum as well as in 

tissue and to alterations in circulating levels of hormones (75). These involve changes in 

values of parathyroid hormone (PTH), fibroblast-growth factor-23 (FGF-23), 25-

hydroxyvitamin D (25(OH)D) as well as 1,25-dihydroxyvitamin D (1,25(OH)2D) (75).  

 

This loss of mineral and endocrine function in patients with CKD affects the initial bone 

formation during growth and also the bone structure and function during adulthood. These 

disturbed processes of bone modeling as well as bone remodeling lead to the occurrence of 
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bone abnormalities, which occurs in nearly all patients requiring dialysis and in most of the 

patients with CKD stage 3-5 (24, 75).  

This triad of altered biochemical parameters, vascular calcification and bone abnormalities 

associated with CKD is collectively referred as chronic kidney disease-mineral and bone 

disorder (CKD-MBD) (43, 75).  

 

Thus, the majority of patients with CKD develop renal bone disease. The spectrum of renal 

osteodystrophy is wide and has changed over the past 20 years (43). Renal bone disease 

varies from low-turnover adynamic bone disease to high-turnover osteitis fibrosa (24, 43). 

Over the last twenty years a dominance of high-turnover bone disease in patients with 

CKD stage D5 has been observed (43, 76-78). In contrast, nowadays 40-70% of CKD 

patients develop a low-turnover bone disease (43, 79, 80). One explanation for this change 

is a higher expectancy of life in patients treated with dialysis and an increased prevalence 

of diabetes mellitus in CKD patients (43). Of note, also more than one type of renal bone 

disease can coexist in the same patient with CKD (24).  

 

Determining the appropriate treatment in CKD patients with bone disease can be 

challenging. Untreated patients with increasing bone turnover develop hyperparathyroid 

bone disease. In contrast treatment with calcium or vitamin D receptor activators (VDRAs) 

can result in low turn-over adynamic bone disease (43). Particularly, patients with 

adynamic bone disorder are susceptible to develop vascular calcification (81, 82).  

Finally, all forms of renal osteodystrophy are associated with bone loss and lead to a 

weakened bone with an increasing risk of bone fractures, especially hip fractures in 

patients with CKD (38, 43, 83).  

 

Another challenge during the treatment of CKD patients is that biochemical analysis for 

determination of biomarkers such as PTH, FGF-23 and alkaline phosphate are not 

appropriate to predict renal bone disorders. On the contrary, evaluation of bone turnover, 

bone mineralization and bone volume based on bone biopsy followed by bone 

histomorphometry is the most precise method to diagnose renal osteodystrophy. However, 

the KDIGO guidelines advise to not routinely and improvidently perform bone biopsies in 

patients suffering from ESRD (24, 75).  
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There have, however, been few randomized controlled trials have exploring various 

treatment methods depending on different types of bone disorder. Thus, in vivo models of 

CKD-MBD are definitely essential to investigate and evaluate the potential of therapeutic 

approaches in vascular calcification as well as renal bone disorder (1). Previously, a 

murine CKD model with subtotal nephrectomy has been published. Cejak et al. showed 

that mice with induced CKD develop uremic osteodystrophy as well as abnormalities in 

bone volume accompanied by delayed mineralization (84).  

 

For our CKD-MBD model, we used DBA/2 mice, who are susceptible to develop renal 

calcification when exposed to increased oral phosphate loads (85). DBA/2 mice have an 

alternative splice variant of the Abcc6 gene, which encodes the ABCC6 protein, a member 

of the ATP binding (ABC) cassette family of proteins and an orphan transmembrane 

transporter. The Abcc6 gene is expressed primarily in the basolateral surface of 

hepatocytes and basal membranes of renal proximal tubules (86-90).   

In the present study, we describe a new, noninvasive murine CKD-MBD model, which is 

characterized by secondary hyperparathyroidism and uremic media calcification. In 

contrast to the CKD model from Cejak et al., our model displayed a low-turnover bone 

disease in DBA/2 mice (1).  
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Material and Methods 

 

 

Study design  

 

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

DBA/2) mice were obtained from Charles River (Sulzfeld, Germany). They were housed 

in a virus- and antibody-free environment at the Medical University of Graz. DBA/2 mice 

are susceptible to ectopic renal calcification and media calcification when exposed to 

increased oral phosphate, due to the fact that DBA/2 mice have an alternative splice variant 

of the Abcc6 gene (2, 85, 88, 89). We decided to study female DBA/2 mice because they 

are more prone to develop calcification than their male littermates (91, 92). To induce 

renal damage, the mice were fed high-phosphate diet for 4 (HPD4) or 7 (HPD7) days with 

subsequent return to standard chow for 84 days. The control group (SCD) was set on 

standard chow diet for the whole experiment. (1) The high-phosphate diet (Altromin, Lage, 

Germany) contained 20.2 g of phosphorus, 9.4 g of calcium, 0.7 g of magnesium, and 500 

IU/kg of vitamin D3. The standard chow contained 7.0 g of phosphorus, 10.0 g of calcium, 

2.2 g of magnesium and 1000 IU/kg of vitamin D3. 

All animal experiments were approved by the Committee of the Ethics of Animal 

Experiments of the Austrian Ministry (BMWFW-66.010/0061-WF/V/3b/2016). All 

experiments were conducted under strict adherence to Austrian law. (1) 

 

 

Biochemical evaluations 

 

Metabolic studies included measurements of serum urea, serum fibroblast growth factor 23 

(Fgf-23) and serum parathyroid hormone (Pth). (1) At the end of the experiment blood was 

obtained from anaesthetized mice by retro-orbital bleeding. Serum urea levels were 

determined with standard laboratory techniques and Fgf-23 levels (Immutopics 

International, San Clemente, CA, USA) as well as Pth levels (Immutopics International) 

were measured using commercially available enzyme-linked immunosorbent assay kits. 

Briefly, a sufficient number of streptavidin coated strips were placed in a holder and 20 µL 

of standard, control as well as sample were pipetted into wells. Next 50 µL of the working 
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antibody solution (1:1 mouse biotinylated antibody and mouse HRP (horseradish 

peroxidase) conjugated antibody) were pipetted into each well. The plates were covered 

with a plate sealer, then covered with aluminium foil to avoid exposure to light and 

incubated for three hours on a horizontal rotator at room temperature. After five times 

washing using the wash-solution, 100 µL of ELISA HRP substrate was pipetted into each 

well and incubated for 30 minutes at room temperature in the dark. Thereafter plates were 

read at OD 450 nm with wavelength correction (subtraction of absorbance at 620 nm) 

against the 0 pg/mL standard as a blank. To determine high sample concentrations, 50 µL 

of ELISA stop solution was pipetted into each well and the absorbance was read at 450 nm 

against a reagent blank of 100 µL of substrate and 50 µL of stop solution. Concentrations 

of Fgf-23 and Pth were determined from standard curves using log-log regression analysis. 

(1) 

 

 

Evaluation of Histopathology 

 

For fixation, aortas and renal tissue were stored in 4 % formalin for two days. (1) Next, 

samples were dehydrated and paraffin wax embedded using a Histokinette tissue 

processor. Kidneys and aortas were cut in 4 µm sections on a rotation microtome. Alizarin 

Red S and Picrosirius red staining were performed. In short, for Alizarin Red S staining 

rehydrated paraffin sections were incubated in 2 % Alizarin Red S solution (Sigma-

Aldrich, St. Louis, MO, USA) and subsequently rinsed in acetone and acetone-xylene 

(1:1). For Picrosirius red staining, rehydrated renal paraffin sections were incubated in        

0.1 % Picrosirius Red solution (Sigma-Aldrich).  

 

 

Evaluation of Histomorphometry 

 

For evaluation of the bone metabolism histomorphometrical analysis of murine tibia was 

performed (1). To measure bone formation parameters, mice were intraperitoneally 

injected with 20 mg/kg body weight of calcein (Sigma-Aldrich) on day 7 and day 2 before 

tissue harvesting. Thereafter, the bone samples were cleaned of soft tissue, fixed in 4 % 

formalin dehydrated in graded ethanol (70 to 100 %) and embedded in methyl 

methacrylate. Plastic tissue blocks were cut in 5 µm sections. For additional analysis 
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toluidine blue staining was performed. (1) Briefly, dewaxed and hydrated bone sections 

were incubated in toluidine blue working solution (1 % Toluidine Blue O (Sigma-Aldrich), 

2.5 % sodium carbonate, 70 % ethanol) for five minutes. Next, sections were washed in 

dH2O, dehydrated in n-Butyl acetate, mounted in anhydrous mounting medium Roti-

Histokitt II (Carl Roth, Karlsruhe, Germany). Bone histomorphometric parameters were 

determined using OsteoMeasure
TM

 Software (OsteoMetrics, Decatur, GA, USA). 

 

 

Evaluation of Immunohistochemistry 

 

For the detection of CD4
+ 

and CD8
+ 

T cells as well as CD68
+
 macrophages a three-layered 

immunoperoxidase staining technique was performed (1). Renal tissue was frozen in OCT 

medium and cut into 4 µm frozen tissue sections on a cryomicrotome. Slides were stored at 

-20°C and warmed to room temperature 30 minutes prior to staining. For fixation, slides 

were incubated in acetone (4°C) and subsequently blocked in 10 % serum of second 

antibody species, 20 % fetal calf serum, 70 % PBS and 200 µL/mL Avidin (Vector 

Laboratories, Burlingame, CA, USA) for 20 minutes at room temperature. After two times 

washing in PBS and once in gelatine, slides were incubated with respective first antibodies 

diluted in PBS containing 200 µL/mL Biotin (Vector Laboratories). For the detection of 

CD4
+
 and CD8

+
 T cells a rat anti-mouse CD4 mAB (Serotec, Oxford, UK) and a rat anti-

mouse CD8 mAB (Serotec, UK) were used. For the detection of CD68 macrophages a rat-

derived anti-mouse CD68 mAB (Serotec, UK) was used. Following one hour incubation at 

room temperature slides were washed three times in PBS and thereafter incubated with 

biotinylated goat anti-rat IgG secondary antibody (Jackson Immuno Research 

Laboratories, West Grove, PA, USA) for 45 minutes. After three washing steps in PBS 

slides were incubated in Vactastain ABC HRP kit (Vector Laboratories) for another 45 

minutes. Next, slides were washed three times in PBS and once in 0.1 M sodium-acetate 

buffer and subsequently developed in 0.4 % 3-amino-9-ethylcarbazole for 6-8 minutes. 

Thereafter, slides were washed three times in PBS, counterstained in Gill’s hematoxylin III 

(Sigma-Aldrich) and rinsed in tap water and dH2O. Finally, slides were mounted in 

Aquatex mounting medium (Merck, Kenilworth, NJ, USA).  
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All evaluations of immunohistochemistry were performed in a blinded manner. For 

quantification of kidney infiltrating CD4
+
, CD8

+
 T cells, positive stained cells were 

counted in 6 high-power fields of renal and cortex and medulla. (1). Kidney infiltrating 

macrophages were evaluated using a semiquantitative scoring system: 0 = 0 to 4 cells 

stained positive, 1+ = 5 to 10 cells, 2+ = 11 to 50 cells, 3+ = 51 to 200 cells and 4+ >200 

cells stained positive per low-power field. 

 

 

 Reverse transcription real-time polymerase chain reaction (RT-PCR) 

 

Total RNA was isolated from the kidney using TRI reagent (Sigma-Aldrich) following a 

standard protocol (1).  Briefly, frozen tissue was cut into small pieces and homogenized in 

800 µL TRI Reagent using a needle and a syringe. Next, 200 µL Chloroform were added, 

samples were mixed and incubated for 8 minutes at room temperature and subsequently 

centrifuged for 15 minutes at 1200xg at 4°C. The obtained transparent supernatant was 

transferred in new microcentrifuge tubes and incubated for eight minutes with isopropanol. 

After the following centrifugation step (1200xg, 4°C, RT), 1 mL ethanol was added and 

samples were centrifuged for five minutes at 7000xg. Finally, supernatant was discarded, 

and 500 µL of ethanol were added to each sample. Then samples were centrifuged for five 

minutes at 7000xg. Thereafter, ethanol was completely removed and the pellet was 

dissolved in 20 µL dH2O. The isolated RNA was stored at -20°C. 

For the cDNA synthetization a Superscript III Transcription Kit (Invitrogen, Carlsbad, CA, 

USA) was used (1). 2 µg of total RNA were incubated with 1 µL 10mM dNTPs, 0.5 µL 

random primers (Invitrogen) and dH2O for five minutes at 65°C. Next, samples were put 

on ice and 7 µL mastermix, containing of 4 µL 5x First-Standard Puffer, 1 µL DTT, 1 µL 

RNaseOUT recombinant RNase Inhibitor and 1 µL SuperScript III reverse transcriptase, 

were added to each sample. Subsequently samples were put in a thermocycler and 

incubated for five minutes at 25°C, followed by 45 minutes at 50°C and 15 minutes at 

70°C. Obtained cDNA was dissolved in 150 µL dH2O and stored at -20°C.  

Next, real-time PCR was performed in duplicates on a CF96 real-time detection system 

(BioRad, Vienna, Austria) (1). Hprt gene served as house-keeping control and was 

assessed using SYBR green Master Mix (Invitrogen) and the following primers: forward 5’ 

GCT TCC TCC TCAGAC CGG TTT TTG C 3’; reverse 5’ ATC GCT AAT CAC GAC 

GCT GGG ACT G 3’.  
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For quantification of mRNA levels, TaqMan gene expression assays (Applied Biosystem, 

Foster City, DA, USA) were used for Foxp3 (Mm00475162_m1), Gata3 

(Mm00484683_m1), Rorc (Mm01261022), Tnfa (Mm00443258_m1), Tbx21 

(Mm00450960), Ccr2 (Mm00438270), and CCr5 (Mm01216171). The data was evaluated 

using 2-
ΔΔ

 CT method (1).  

 

 

Measurement of the Glomerular Filtration Rate (GFR) 

 

In order to determine the glomerular filtration rate, a FITC-inulin clearance was performed 

(1, 93). Shortly, FITC-inulin (Sigma-Aldrich) was weighed to prepare a 5% solution and 

dissolved in 0.85% NaCl by heating to 90°C. Next, dissolved FITC-inulin was filled into a 

dialysis membrane and dialyzed for 24 h against 0.85% NaCl. The dialyzed FITC-inulin 

was sterilized and injected intravenously (2 µL/g body weight). Blood from the tail vein 

was collected in microcentrifuge tubes filled with Na-Heparin at 3, 5, 7, 10, 15, 35, 56 and 

75 minutes after injection. Thereafter, blood samples were centrifuged and obtained 

plasma was diluted 1:10 in 0.5 mol/L HEPES. For the standard curve, blood from mice of 

the same background strain was collected in Na-Heparin tubes and diluted 1:10 with 0.5 

mol/L HEPES. In order to get standard dilutions from 1:10 to 1:100.000, FITC-inulin 

solution was diluted with diluted mouse-plasma. The fluorescence of samples as well as of 

standards were measured using a photometer (FLUOstar Omega Photometer, BMG 

Labtech, Ortenberg, Germany). Data were analyzed using a two-phase exponential decay 

function. GFR was calculated using the following equation: 

 

𝐺𝐹𝑅 =
𝑛

𝐴

𝐾1
+

𝐵

𝐾2

 , where 

 

𝑛 = 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑎𝑚𝑜𝑢𝑛𝑡; 𝑛 = 𝑐 ∗ 𝑉 

𝐴 = 𝑆𝑝𝑎𝑛1; 𝑦 − 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 𝑜𝑓 𝑒𝑙𝑖𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 

𝐾1 = 𝑑𝑒𝑐𝑎𝑦 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑓𝑜𝑟 𝑒𝑙𝑖𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 

𝐵 = 𝑆𝑝𝑎𝑛2; 𝑦 − 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 𝑜𝑓 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 

𝐾2 = 𝑑𝑒𝑐𝑎𝑦 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑓𝑜𝑟 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 
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Mouse Echocardiography 

 

To investigate cardiovascular changes a transthoracic echocardiography was performed 

using a VS-VEVO 770 High-Resolution Imaging System (Visualsonics, Toronto, Canada) 

equipped with a 30MHz RMV (Real-time microvisualization) scan head. (1, 94). 2D-

guided M-mode echoes (30 MHz transducer) were recorded from short- and long-axis 

views at the level of the largest LV-diameter. To ensure spontaneous breathing, mice were 

lightly anesthetized with 2% isoflurane. Next, the chest was shaved, acoustic coupling gel 

was applied and, to avoid hypothermia, a warming pad was used. Then mice were imaged 

in a left lateral decubitus position. LV end-diastolic (LVEDD) and end-systolic (LVESD) 

were averaged from three consecutive cardiac cycles as recommended by the leading-edge 

convention of the American Society of Echocardiography. Fractional shortening was 

calculated using following equation (94): 

 

100𝑥((𝐿𝑉𝐸𝐷𝐷 −
𝐿𝑉𝐸𝑆𝐷

𝐿𝑉𝐸𝐷𝐷
) 

 

 

Statistical analyses 

 

Statistical analyses were performed using GraphPad Prism 6.0 (GraphPad Software, La 

Jolla, CA, USA) and all results from experiments are shown as mean  SEM. Testing for 

normal distribution was done using the Kolmogorov-Smirnov test with Dallal-Wilkinson-

Lilliefors correction. Differences between two groups were compared by either 

nonparametric Mann-Whitney U-test or unpaired Student’s t-test according to the 

distribution. When comparing the three groups, ANOVA or Kruskal-Wallis test was 

performed with subsequent Dunn’s test with adjustment for multiple comparisons. A two-

tailed p<0.05 was considered statistically significant (1).  
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Results – Findings 

 

 

DBA/2 mice on high-phosphate diet develop Chronic Kidney Disease 

 

Female DBA/2 mice were set on high-phosphate diet for either 4 (HPD4) or 7 (HPD4) 

days with subsequent return to standard chow diet. Mice were followed up until day 84. 

DBA/2 mice from control groups were fed with standard chow diet (SCD) for the complete 

time of the experiments. After 84 days, all mice subjected to the HPD displayed a 

remarkable phenotype of nephrocalcinosis. Histopathological evaluations with Alizarin 

Red staining of the kidneys revealed that HPD mice compared to SCD mice developed 

phosphate nephropathy with tubular calcium hydroxyapatite crystal (Figure 2A). Kidneys 

of SCD groups showed only small and significantly fewer alizarin red positive deposits. In 

order to determine renal fibrosis a Picrosirius red staining was performed. In all kidneys of 

HPD mice fibrotic areas, particularly in the peritubular region, were found (Figure 2A). Of 

note, glomeruli were not affected by fibrosis. As expected, an increased histological 

phenotype was observed in HPD7 mice when compared with HPD4 mice (1).  

 

To determine if mice have developed chronic kidney disease, kidney function was 

quantified using FITC-inulin clearance. Mice fed high phosphate diet revealed decreased 

glomerular filtration rate (GFR) when compared to SCD group. However, only HPD7 mice 

had a significantly decreased GFR in comparison to mice from SCD group (Figure 2B, C). 

Additionally, serum urea levels were elevated in both HPD groups as compared to SCD 

group (Figure 2D) (1).  
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Figure 2: The impact of high phosphate diet on renal phenotype  

Female DBA/2 mice were either fed with HPD for 4 (HPD4, n=4, light red bars) or 7 days 

(HPD7, n=4, red bars) and subsequently set on SCD and followed up on day 84. Mice only 

fed standard chow (SCD, n=8, black bars) served as control group. Histopathological 

evaluation with Alizarin Red staining (A, upper panel) showed a remarkable renal 

calcification in both HPD groups compared with the SCD group. Picrosirius red staining 

(A, lower panel) revealed fibrosis in the peritubular areas in kidneys of mice fed HPD. 

Representative pictures with 40X magnification are provided. GFR levels (B) were 

upregulated in the HPD4 group and were significantly higher in the HPD7 group as 

compared to the SCD group. Representative GFR curves of SCD and HPD 7 mice are 

shown (C). Furthermore, serum urea was increased in both HPD groups (D). * p<0.05 

This figure has been published previously in (1).  
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Immunohistochemical staining of kidneys further revealed a significant increase of 

infiltrating CD4
+ 

and CD8
+ 

T cells in HPD mice compared with SCD mice (Figure 3A). 

However, CD68
+
 macrophages constituted the major infiltrating cell population in HPD 

treated mice (Figure 3B).   

 

Macrophages were mainly present in the cortico-medullar border zone (Figure 3C), where 

calcium-phosphate precipitations occurred (1). These findings were confirmed by qPCR 

(Figure 3D). mRNA levels of macrophage markers such as chemokine receptors CCr2 and 

CCr5 were increased in mice fed HPD as compared to SCD mice. Additionally, HPD mice 

had higher mRNA levels of Tnfa and Foxp3 than mice from control group. Gene 

expression levels of Tbx21, Gata3, and Rorc were similar between groups (1).  
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Figure 3: Inflammatory Phenotype of Kidney 

Renal sections of HPD- and SCD-fed mice were stained for infiltrating leukocytes (SCD: 

n=8, black bars; HPD4: n=4, light red bars; HPD7: n=4, red bars). Quantification of kidney 

infiltrating CD4
+
 and CD8

+
 T cells as well as CD68

+
 macrophages (B) was performed on 

immunohistochemically stained kidney sections from mice from HPD4, HPD7 and SCD 

group. Representative pictures of CD68
+
 stained renal tissue from SCD and HPD7 mice 

are provided (C). qPCR for macrophage markers, TH1, TH2 and TH17 markers was 

performed (D). Data are presented as mean  SEM. Magnification for C is x40.  

* p<0.05, **p<0.01 

This figure has been published previously in (1).  
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Cardiovascular changes in chronic kidney-diseased DBA/2 mice  

 

One of the most frequent complications of chronic kidney disease are cardiovascular 

diseases (74). To evaluate the heart phenotype, echocardiography of HPD7 mice and of 

SCD mice was performed before starting the HPD treatment and additionally on day 84, at 

the end of the experimental setup (1). Due to the fact that on day 84 in HPD7 group the n-

number (n=2) was small, the echocardiographic assessment should be considered to have a 

major limitation. Nevertheless, no difference in left ventricle systolic function (EF and FS) 

was observed between the two groups on day 84 (Figure 4A, B). Though, left ventricle 

mass tended to be elevated in HPD7 mice in comparison to SCD mice (Figure 4C). Heart 

weights (Figure 4D) were similar in both groups (1).  

 

Alizarin Red staining was performed to analyze the abdominal aortas for calcification 

(Figure 4E). Calcified areas were found in HPD7 mice, whereas no histopathological signs 

of calcification in SCD mice were detected (1).  

 

 

 

 

 

 

 

  



 34 

 

 

 

Figure 4: Cardiovascular phenotype in DBA2/mice 

Echocardiographic evaluations of mice in HPD7 and in SCD group were performed before 

starting HPD treatment (SCD: n=4, black line; HPD n=4, red line) as well as on day 84 

(SCD: n=4, black line; HPD: n=2, red line). Quantification of EF (A) and FS (B) was done. 

LV mass (C) and heart weight (D) was determined. Aortic calcification (E) was visualized 

by Alizarin red staining. Data are shown as mean  SEM. Magnification for E is x200.  

This figure has been published previously in (1).  
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Development of a low-turnover bone disease in chronic kidney-diseased 

DBA/2 mice  

 

Since, that chronic kidney disease is often accompanied by a disturbed mineral and bone 

metabolism, we next investigated the bone phenotype of mice fed high phosphate diet.  

First, parathyroid (Pth) and fibroblast growth factor 23 (Fgf-23), both key regulators in 

mineral and bone metabolism, were measured. Evaluation of Fgf-23 levels did not differ 

between the three groups. Though, Pth levels were significantly increased in HPD7 mice as 

compared to SCD mice (1).  

 

To evaluate the bone structure, mice were calcein-labelled and tibias were analyzed by 

bone histomorphometry on day 84. Analysis of bone volume/tissue volume (BV/TV), 

mineral apposition rate (MAR) as well as bone formation rate (BFR) revealed significant 

decreased levels in HPD7 mice when compared with SCD mice. Furthermore, the HPD 

treatment resulted in a significant decrease in bone formation rate (BFR), eroded 

surface/bone surface (ES/BS), osteoid surface/bone surface (OS/BS), and trabecular 

thickness (Tb.Th). No difference between groups was detected in trabecular separation 

(Tb.Sp) and trabecular number (Tb.N). These static and dynamic histomorphometry results 

lead to the assumption, that the mice have developed a low-turnover bone disease. The 

bone phenotype was more pronounced in HPD7 mice as compared to HPD4 mice, though 

(1).  
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Figure 5: DBA/2 mice developed low-turnover bone disease 

The mineral and bone metabolism of HPD7 (n=4; red bars), HPD4 (n=4, light red bars) 

and SCD mice (n=8; black bars) was evaluated on day 84. Serum Fgf 23 levels (A) as well 
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as serum Pth levels (B) were quantified. Bone structure was assessed by means of bone 

hisotomorphometry. Bone volume/tissue volume (BV/TV; C), mineral apposition rate 

(MAR; D), bone formation rate (BFR; E), eroded surface/bone surface (ES/BS; F), osteoid 

surface/bone surface (OS/BS; G), trabecular thickness (Tb.Th; H), trabecular separation 

(Tb. Sp.; I) as well as trabecular number (Tb.N.; J) are shown. Data are shown as mean  

SEM. * p<0.05, **p<0.01 

This figure has been published previously in (1).  
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Part B - Autophagy protects from uremic vascular calcification  

 

 

Introduction 

 

Chronic kidney disease is known to be a worldwide health concern and is associated with 

high rates of morbidity, mortality and healthcare expenditure (13). One of the most 

frequent complications of CKD is an abnormal mineral metabolism resulting in 

cardiovascular diseases. Thus, patients suffering from chronic kidneys disease, especially 

end-stage renal disease (ESRD), have a high burden of cardiovascular morbidity and 

mortality (13). Cardiovascular mortality in dialysis patients is 10 to 20 times higher than in 

the general population (95). Characteristically, vascular change in patients with CKD as 

well as ESRD is accompanied by reduced vascular compliance, left ventricle hypertrophy 

as well as vascular calcification (71).  

 

As already described in the introduction section of Part A of the present thesis, patients 

suffering from CKD are predominantly affected by calcification of the tunica media, 

whereas non-uremic patients are prone to develop arterial calcification marked by intimal 

atherosclerotic plaques (73).  

However, not only patients with CKD and secondary hyperparathyroidism develop 

calcification of the tunica media, but also patients with diabetes. Monckeberg’s media 

sclerosis is the most common type of media calcification and frequently associated with 

long-standing diabetes mellitus. Monckeberg’s media sclerosis is often localized in the 

arteries of the extremities (96). Media calcification was already described a century ago, 

but still the pathogenesis is not fully understood (96-98). Hyperglycaemia as well as 

disorders in calcium and phosphate homeostasis causes media calcification. Its common 

patients with advanced CKD and ESRD display elevated levels of serum phosphate and 

increased total body calcium (99, 100). Hence, the current state of research indicates that 

hyperphosphatemia is the main cause for developing media calcification (101). 

Nevertheless, the underlying mechanism to explain the pathogenesis of media calcification 

is more complex. Thus, uremic media calcification is not only driven by systemic factors 

such as increased serum phosphate levels or hyperglycaemia but is itself also dependent on 

vascular smooth muscle cells (VSMCs). Increased levels of serum phosphate in 
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combination with other serum mediators, which are imbalanced in uremia, result in the 

transdifferentiation of VSMCs from a contractile to proliferative, osteoblastic, and/or 

inflammatory phenotype. That is possible because VSMCs are not terminally differentiated 

cells and thus able to react to stress or injury by transdifferentiating (102-105).  

Of note, high levels of serum phosphate are not only a risk factor for cardiovascular 

diseases such as vascular calcification in patients with advanced stages of CKD, but also 

for patients suffering from moderate CKD as well as in the general population (106-108).  

 

To study the vascular outcomes in CKD a few animal models were employed in the last 

years (109). Previous data from our group showed that it is also possible to use DBA/2 

mice, which develop phosphate nephropathy when subjected to HPD due to their 

alternative splice variant of the Abcc6 gene (88, 110, 111). During a period of 5-14 days 

mice developed calcification of the tunica media in aortas, which was more pronounced in 

the abdominal aorta than in the thoracic part of the aorta. This calcification pattern reflects 

the situation in patients suffering from ESRD (111). Additionally, the data revealed that 

immune cells play an important role in the development of renal calcification (110), while 

uremic vascular media calcification is not accompanied by inflammatory processes (111).    

 

In the last years a growing interest in the role of autophagy in vascular biology has evolved 

as well as an increasing suspicion that autophagy influences the vascular pathophysiology 

including uremic vascular media calcification (112). Autophagy is generally differentiated 

in three types, called microautophagy, chaperone-mediated and macroautophagy (112, 

113). In our experimental setup we focused on macroautophagy, hereafter referred to as 

autophagy.  

Autophagy is an evolutionarily highly conserved cellular process which is involved in the 

degradation of long-lived cytosolic proteins and organelles. Autophagy is not only a 

survival response to stress, but also important for cellular and organismal homeostasis. 

Hence, dysfunction or dysregulation of autophagy often result in various disease (114, 

115).   

 

Furthermore, autophagy is a dynamic process, consisting of several sequential steps, 

including the formation and fusion of membrane compartments. To explore and observe 

this complex autophagic mechanism, different protein markers can be used (62, 116). One 

of the most common used markers is microtubule-associated protein light chain 3 (LC3). 
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Two forms of LC3, namely LC3-I and LC3-II, exist in various cells. During the autophagic 

process the cytosolic LC3-I converts to the membrane bound LC3-II. Due to that LC3 

specifically binds to the membranes of autophagosomes, an increased accumulation of 

LC3-II is proportional to the extent of autophagosome formation (62). Another marker for 

detecting autophagy is the p62 protein. It is also named sequestome 1 (SQSTM 1) and is a 

ubiquitin-binding scaffold protein which is degraded by the autophagic process. Thus, low 

protein levels of p62 indicate that an autophagic process is taking place in cells (117).  

 

We now aimed to characterize the role of autophagy in uremic vascular media calcification 

induced by high-phosphate treatment in vivo as well as in vitro (2). Recently, Dai et al. 

showed in vitro that high-phosphate levels result in an increase of radical oxygen species 

(ROS) which leads to augmented autophagy in VSMC. Thus, cells were protected from 

calcification by autophagy counteracting phosphate induced vascular calcification due to 

the reduction of matrix vesicle release (118).   

However, experimental studies of pharmacologically-induced autophagy to ameliorate 

uremic vascular media calcification in vivo are rare. Peng et al. revealed that the 

calcification process of aortas is influenced by autophagy, but they did not use a chronic 

kidney disease model to investigate the aortic calcification (119).  

 

Together, these data underline the need for further research to investigate the role of 

autophagy in uremic vascular media calcification in order to improve the cardiovascular 

burden in patients with CKD and ESRD. Hence, we described the role of autophagy in 

uremic media calcification in a murine as well as in a cellular model. Furthermore, we 

influenced autophagy pharmacologically and studied the effects on uremic media 

calcification (2). 
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Material and Methods 

 

 

Study design 

 

For in vivo studies female 8-week-old DBA/2 mice were obtained from Charles River 

(Sulzfeld, Germany) and kept in a virus- and antibody-free environment in the laboratory 

animal facility. These mice develop renal as well as media calcification when fed with high 

phosphate diet (88, 89). To induce media calcification, mice were set on high phosphate 

diet (Altromin, Germany), containing 20.2 g of phosphorus, 9.4 g of calcium, 0.7 g of 

magnesium and 500 IU/kg of vitamin D3. The control group received standard chow diet, 

containing 7,0 g of phosphorus, 10.0 g of calcium, 2.2 g of magnesium and 1000 IU/kg of 

vitamin D3. To investigate the effect of autophagy on vascular calcification, mice were 

treated with rapamycin (LC labs, Woburn, MA, USA). For this purpose rapamycin was 

dissolved in 100% ethanol, which was then diluted with sterile saline for intraperitoneal 

injection at a dose of 0.5 mg/kg body weight. Mice were injected daily, starting either 3 

days prior to or 5 days after beginning the high phosphate diet. Then, mice were followed 

up for 5 and 12 days (2). 

All animal experiments were approved by the Committee of the Ethics of Animal 

Experiments of the Austrian Ministry (BMWFW-66.010/0061-WF/V/3b/2016). All 

experiments were conducted under strict adherence to Austrian law. 

 

For in vitro studies mouse vascular smooth muscle cells (MOVAS) were obtained from the 

American Type Culture Collection (ATCC, Manassas, VA, USA). Cells were maintained 

in high glucose Dulbecco’s Modified Eagle’s Medium (ATCC) supplemented with 10% 

FCS (Gibco, Life Technology, Vienna, Austria) and an antibiotic mixture of 1% 

penicillin/streptomycin. Cells were seeded in six-well plates at a density of 1.0 X 10
4
 

cells/cm
2
. To induce calcification, the medium was supplemented with either 1.25 mM β-

glycerophosphate (βGP) (Sigma Aldrich, St. Louis, MO, USA) and 25 μg/mL ascorbic 

acid (AA) (Sigma-Aldrich) or with 2.5 mM β-GP and 50 µg/mL AA, and cells were kept 

for 7, 14 or 21 days (2, 120, 121). 
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To induce autophagy, cells were treated with 10 μM rapamycin (LC labs). To investigate 

the effect of inhibited autophagy, cells were exposed either to 5 mM 3-methyladenine (3-

MA) (Sigma Aldrich) or to 20 nM bafilomycin A1 (Sigma Aldrich). To determine the 

autophagic flux on day 21, cells were exposed to 50 nM bafilomycin A1 for 3 h before 

harvesting.  

Incubation was performed at 37°C in a humified, 5% CO2 atmosphere and the medium was 

changed every other day (2, 120).  

 

 

Evaluation of biochemical analysis 

 

Blood urea nitrogen levels were evaluated using a colorimetric detection kit (Thermo 

Fisher Scientific) following the manufacturer’s instructions (2, 120). 

To quantify the calcium levels of aortas and kidneys a Calcium Detection Assay Kit 

(Abcam) according to the manufacturer’s instructions was used and calcium content was 

normalized to tissue weight. To determine the calcium content in MOVAS, cells were 

decalcified with 0.6 M HCl and the calcium content in supernatants was measured using 

the Calcium Detection Assay Kit (Abcam) following the manufacture’s instruction. The 

calcium levels were normalized to the protein content, which was quantified using the 

PierceTM BCA Protein Assay Kit (Thermo Scientific) following the manufacturer’s 

instructions (2, 120). 

Calcium deposition was visualized by staining MOVAS with Alizarin Red S (Sigma-

Aldrich). Briefly, cells were washed with PBS, fixed in 4 % formalin for 15 minutes and 

incubated for 10 minutes with 2% Alizarin Red S solution at room temperature. Finally, 

cells were washed 5 times with dH2O. To quantify stained cells, MOVAS were extracted 

with 10% cetylpyridium chloride (Sigma-Aldrich) for 10 min. The OD was measured at 

570 nm on a FLUOstar Omega photometer (BMG Labtech, Ortenberg Germany) (2, 120). 

 

 

Reverse Transcription Real-Time Polymerase Chain Reaction 

 

Real-time PCR for Trp53in, Igfbp3, Hmox1, Adrb2, Atg16l1 and Il-1beta was performed to 

evaluate autophagy related genes. To investigate the role of inflammation, real-time PCR 

for Tnf- α, Tbx21, Il-6 and Foxp3 was done. mRNA levels of Sm22-α and Runx2 were 
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determined to evaluate the effect of autophagy on osteoblastic differentiation either in vitro 

or in vivo (2, 120).  

Murine tissue and cells were stored at -80°C before RNA was isolated using 

AllPrep®DNA/ RNA/Protein Mini Kit (Qiagen, Venlo, Netherlands) according to the 

manufacturer’s instructions. To obtain cDNA, 100 ng of total RNA was reverse-

transcribed using Superscript III Transcription Kit (Invitrogen) and random primers 

(Invitrogen). Next, qPCR was performed in duplicates on a CFX96 a CFX96 Real-Time 

System (BioRad). For quantification of respective genes, TaqMan gene expression assays 

(Applied Biosystems) for Trp53in (Mm00458142_g1), Igfbp3 (Mm01187817_m1), Hmox1 

(Mm00516005-m1), Adrb2 (Mm02524224_s1), Atg16l1 (Mm00513085_m1), Il-1beta 

(Mm00434228_m1), Tnf-alpha (Mm00443258_m1), Tbx21 (Mm00450960_m1), Il-6 

(Mm00446190_m1), Foxp3 (Mm00475162_m1), and Sm22-α (Mm00441661_g1) were 

used. For Runx2 SYBR green (Invitrogen) was assessed using the following primers: 

forward 5′TCC TAT CTG AGC CAG ATG ACA TCC 3′ and reverse 5′CCG GTC TCC 

CCC GGG TAC C 3’. Hprt served as a reference gene and was assessed using SYBR 

Green Mastermix (Invitrogen) with the following primers: forward 5′GCT TCC TCC TCA 

GAC CGC TTT TTG C 3′ _and reverse 5′ATC GCT AAT CAC GAC GCT GGG ACT G 

3′. Data were calculated using 2-
ΔΔ

 CT method (2).  

 

 

Western Blot analysis  

 

Protein was isolated by sonicating aortic tissue and cells in a homogenization buffer (0.25 

mol/L sucrose, 10mmol/L HEPES, pH 7.5 and 1mmol/L EDTA, pH 8.0) containing 

HALTTM Protease Inhibitor Cocktail, EDTA-free (Thermo Fisher Scientific, Rockford, 

USA) (2). Thereafter, isolated protein was quantified with PierceTM BCA Protein Assay 

Kit (Thermo Fisher Scientific) strictly following the manufactures’ instruction. Aliquots of 

total protein were separated using a 12% sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) for 1.5-2 hours at 100V. Next, proteins were transferred to 

polyvinylidene fluoride (PVDF) membranes (Merck Millipore, Burlington, Massachusetts, 

USA) for 90 min at 150 mA. Subsequently, membranes were blocked in 5% nonfat dry 

milk diluted in TBS-Tween for 3h at room temperature, followed by incubation with 

primary antibodies against GAPDH (Cell Signalling, Cambridge, UK), p62 (Abcam, 

Cambridge, UK) and LC3 (Novus Biologicals Littleton, Colorado, USA) overnight at 4°C. 
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After three washing steps in 5% nonfat dry milk/TBS-Tween, blots were washed once in 

TBS-Tween and the appropriate HRP-conjugated secondary antibody (Cell Signalling) was 

applied for one hour at room temperature. After another washing step with TBS-Tween, 

protein signals were visualized using PierceTM ECL Western Blotting Substrate (Thermo 

Fisher Scientific) and a ChemiDoc System (BioRad). Densitometric analysis were 

performed using Image Lab software (BioRad) (2).  

 

 

Histological Evaluation  

 

Aortas and kidneys of DBA/2 mice were isolated and placed in 4% formalin for two days 

for fixation (2). Next, tissue was dehydrated in graded ethanol and embedded in paraffin. 

For staining, aortas as well as kidneys were cut in 4 µm sections on a rotation microtome.  

To visualize the amount of media calcification Alizarin Red S staining was done by 

immersing deparaffinized samples in 2% Alizarin Red S solution (Sigma Aldrich) 

subsequently by rinsing in acetone and acetone xylene (2).  

A three-layer immunoperoxidase staining technique was used for the assessment of LC3 in 

aortas. Shortly, tissue sections were treated with standardized heat-mediated antigen 

retrieval in an automated de-cloaking chamber (Aptum, Southampton, UK) and 

subsequently quenched in 0.3% H2O2 diluted in methanol. Next, slides were blocked with 

biotin/avidin blocking kit (Vector Laboratories) and incubated with a rabbit-derived 

primary antibody against LC3 (Novus Biologicals) at 4°C overnight. Finally, a biotin-

conjugated goat anti-rabbit IgG (Jackson ImmunoResearch Laboratories, West Grove, PA, 

USA) was used as a secondary antibody (2). 

To detect ROS production in aortas, nitro blue tetrazolium (NBT) staining was performed. 

Briefly, rehydrated paraffin samples were washed in HBSS and incubated with NBT 

diluted in HBSS (1.6 mg/mL) at 37°C for 20 minutes (2). 

In order to evaluate the renal pathology, Periodic-Acid-Schiff (PAS) staining was done. 

For this purpose, dehydrated kidney slides were incubated in Periodic Acid Solution 

(Sigma-Aldrich) for 5 minutes, followed by rinsing in dH2O. Next, slides were immersed 

in Schiff’s Reagent (Sigma-Aldrich) for 15 minutes with subsequent washing in running 

tap water. Finally, slides were counterstained in Gill’s Hematoxylin (Sigma-Aldrich) (2).  
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Immunofluorescence  

 

In order to evaluate the impact of autophagy on differentiation of MOVAS, aSMA 

expression was detected using immunofluorescence staining. Thus, MOVAS were grown 

on glass chamber slides and fixed in 4% paraformaldehyde for 20 minutes at room 

temperature. Next, cells were permeabilized with 100% ice-cold methanol and rinsed with 

PBS and washing buffer (0.1% BSA/PBS) with subsequent incubation with blocking 

buffer for 45 minutes. After another washing step, slides were incubated with the primary 

antibody rabbit-anti-α-smooth muscle actin (Sigma-Aldrich) for 1h at room temperature. 

Thereafter, slides were extensively washed and a FITC-conjugated secondary antibody was 

applied for 1 h at room temperature. Finally, slides were mounted in ProLong Gold anti-

fade with DAPI (Thermo Fisher Scientific), sealed with nail polish and stored at 4°C. 

Evaluation was done using a LSM510 META (Zeiss, Oberkochen, Germany) (2). 

 

 

Statistical Analyses  

 

Results from all experiments are presented as mean ± SEM. Normal distribution of data 

were assessed by the Kolmogorov-Smirnov test with Dallal–Wilkinson–Lillifors 

correction. Two groups were compared by either nonparametric Mann-Whitney U test or 

unpaired t test as appropriate, depending on the distribution of the variable in question. 

When comparing three or more groups, ANOVA or Kruskal–Wallis test was performed 

with subsequent Dunn’s test with adjustment for multiple comparisons. Differences in 

mortality rates between rapamycin and vehicle-treated mice were assessed by the Kaplan–

Meier method and log-rank (Mantel-Cox) test. A two-sided p < 0.05 was considered 

statistically significant. All statistical analysis were done using GraphPad Prism 6.0 for 

Macintosh (GraphPad Software, La Jolla, CA, USA) (2). 
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Results – Findings 

 

 

Induction of autophagy in aortic vascular smooth muscle cells in DBA/2 

mice  

 

Previous data shows that DBA/2 mice develop uremic media calcification as wells as renal 

calcification when treated with HPD (110, 111). To confirm these results in our 

experimental setup, we determined the amount of calcium in kidneys and measured BUN 

levels (2). DBA/2 mice subjected to high phosphate diet for 5 (HPD 5d) or 12 (HPD 12d) 

days showed significantly higher calcium contents in the kidneys in comparison to mice 

fed with standard chow diet (SCD) treated mice (Figure 6A). Furthermore, the blood urea 

nitrogen (BUN) levels were significantly increased in mice treated with HPD for 12 days 

(Figure 6B).  

 

Previously a microchip array was performed in our lab and revealed that autophagy 

pathway-associated genes are regulated in DBA/2 mice fed high phosphate diet (111). 

Thus, an increase of mRNA levels of Trp53in and Igfbp3 in aortas of DBA/2 mice treated 

with HPD for 5 or 14 days have already been shown (111). We could confirm these 

findings (Figure 6C) and both autophagy related genes, Trp53in and Igfbp3, were 

upregulated in aortas of DBA/2 set on HPD for 5 or 12 days (2). Additionally, we 

evaluated other autophagy-associated genes, such as Hmox1, Adrb2, and Atg16l1 and a 

significantly increase of mRNA levels was detected. Interestingly, Il-1beta was not 

regulated on a transcriptional level at any time. As expected,  the pattern of gene regulation 

was more pronounced after 12 days of HPD treatment than after 5 days of HPD (2).  

 

Next, to investigate the role of autophagy in the calcifying process of aortas in DBA/2 

mice, Western Blot analysis was performed. LC3-II and p62, both protein markers of 

autophagy, were quantified for aortas in DBA/2 mice subjected to HPD for 5 or 12 days. 

LC3-II levels (Figure 6D) were significantly increased and accordingly p62 levels (Figure 

6E) were significantly decreased in 12 days treated HPD mice when compared with 

controls on standard chow diet (2).  
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To confirm previous results showing that DBA/2 mice treated with HPD develop aortic 

calcification (111), Alizarin Red S staining of aortas was performed. Arterial calcification 

was found to be located in the Tunica media and was more pronounced in DBA/2 mice 

treated for 12 days with HPD (Figure 6G).  

 

Furthermore, immunohistochemistry staining for LC3-II was performed. The expression of 

the autophagy marker LC3-II was increased in vascular smooth muscle cells of the Tunica 

media as well as in the vascular endothelial cell layer of mice set on HPD (Figure 6G). 

Additionally, NBT staining to visualize ROS production in aortic tissue was carried out. 

Evaluation of NBT staining revealed an elevated production of ROS in the Tunica media 

in 12 days treated HPD mice as compared to SCD mice (Figure 6G) (2).  
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Figure 6: Uremic media calcification in DBA/2 mice cause increase of autophagy 

DBA/2 mice were treated with high-phosphate diet (HPD; HPD d5: n= 6; HPD d12: n=4; 

grey bars) or standard chow diet (SCD; n= 11; black bars) and followed up for 5 or 12 

days. Calcium content of kidney (A) as well as BUN levels (B) were determined. Real time 

PCR for autophagy associated genes (C) was performed.  
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Protein levels of LC3-II (D) and p62 (E) were analyzed using Western Blot. Three 

independent experiments were performed. A representative Western Blot (F) is shown. 

Alizarin Red S staining (G, upper panel) of aortas of SCD- and HPD-fed mice was 

performed. Stainings of aortic tissue of DBA/2 mice set on SCD or HPD to detect LC3 (G, 

middle panel) and NBT (G, lower panel) was done. Representative pictures of aortas are 

provided. All data are presented as mean ± SEM. *p < 0.05, **p < 0.01. 

This figure has been published previously in (2).  

 

 

Calcification of mouse vascular smooth muscle cells (MOVAS) induces 

autophagy 

 

Next, we established an in vitro model to mimic vascular calcification in vascular smooth 

muscle cells. Initial studies were performed to determine if calcification in MOVAS occurs 

when cells are cultured in the presence of a calcifying medium containing ascorbic acid 

(AA) and β-glycerolphosphate (β-GP). Thus, cells were treated with such medium, which 

was supplemented with two different concentrations of AA and β-GP, for 7, 14 and 21 

days (2).  

Alizarin Red S staining intensity in MOVAS cultured under calcifying conditions was 

increased over time and with a higher concentrated calcification medium (Figure 7A). 

Additionally, the cellular calcium content (Figure 7B) was proportionally increased with 

time and higher concentration of the calcifying medium (2).  

 

Then, autophagy related genes were evaluated (Figure 7C-F). On day 14 and 21, mRNA 

levels of Trp53in, Igfbp3 and Atg16l1 were significantly increased in MOVAS treated with 

2,5mM β-GP and 50µg/mL AA. Gene expression levels of Hmox1 were significantly 

upregulated in MOVAS treated with high-phosphate supplementation on day 21 (2).  

 

To gain an insight into the role of autophagy in our in vitro model, the protein marker 

LC3-II and p62 were evaluated. Western Blot analysis revealed a significant increase of 

LC3-II levels (Figure 7G, I) in MOVAS cultured under high-phosphate calcifying 

conditions. Accordingly, p62 levels (Figure 7H, I) decreased under identical conditions (2).  

 

 



 50 

To determine if the calcification process is the reason for elevated autophagy levels in 

MOVAS, autophagic flux was measured (Figure 7J, K). Thus, after 21 days, MOVAS 

cultured with and without calcifying medium were incubated with bafilomycin for 3h and 

immediately analyzed for the autophagy marker LC3-II. Increased levels of LC3-II in 

MOVAS treated with bafilomycin compared to respective controls proved, that the 

calcification itself increased autophagy in MOVAS (2).   
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Figure 7: Calcification causes autophagy in MOVAS 

MOVAS were cultured in absence (black bars; n=4) or presence of calcifying medium, 

containing either 1.25 mM βGP and 25 μg/mL AA (light grey bars, n=4) or 2.5 mM βGP 

and 50 μg/mL AA (grey bars, n=4) for 7, 14 or 21 days. Photometric quantification of 

Alizarin Red S stained calcium deposition in MOVAS (A) as well as measurement of 

cellular calcium content (B) was performed. Evaluation of qPCR for autophagy related 

genes (C-F) was done. Western Blot analysis for determination of LC3-II (G) and p62 (F) 

was performed. Three independent experiments were done. A representative Western Blot 

(I) is provided. The autophagic flux (J) was evaluated in MOVAS on day 21. One 

representative Western Blot (K) of three independent experiments is shown. All data are 

presented as mean ± SEM. *p < 0.05, **p < 0.01.  

This figure has been published previously in (2).  
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Treatment with rapamycin decreases calcification in MOVAS by 

promoting autophagy  

 

To investigate the potential role of autophagy in the calcification process of MOVAS, 

rapamycin, a pharmacological inducer of autophagy, was used to increase autophagy in 

AA (50 μg/mL) and β-GP (2.5 mM) treated cells. 3-methyladenin (3-MA), a 

pharmacological inhibitor of autophagy, was used to decrease autophagy during the 

calcification process (2).  

 

Rapamycin treatment resulted in a significant upregulation of mRNA expression of the 

autophagy related genes such as Trp53in and Igfbp3 after 14 and 21 days (Figure 8A, B). 

Western Blot analysis showed that protein levels of LC3-II were 1.5-fold increased in 

MOVAS subjected to calcifying conditions when compared with respective controls. 

Treatment of MOVAS cultured under calcifying condition with rapamycin led to a 

threefold increase of LC3-II levels on day 21 (Figure 8C, E). Interestingly, the protein 

levels of p62 did not differ between MOVAS under calcifying conditions with or without 

rapamycin. Though, a significant decrease of p62 levels was observed in MOVAS under 

calcifying conditions treated with rapamycin as compared to MOVAS treated with control 

medium after 21 days of culture (Figure 8D, E) (2). 

 

Next, the effect of rapamycin-induced autophagy on calcification was investigated. Despite 

rapamycin inducing autophagy in MOVAS only slightly, calcification of cells was 

decreased after treatment with rapamycin. Intensity of Alizarin Red S stained cells was 

attenuated on day 7 and 14 and significantly reduced after 21 days of rapamycin treatment 

(Figure 9A, Figure 10A). In line, measurement of cellular calcium content showed reduced 

calcium levels on day 7 and 14 as well as a significant decreased level of calcium after 21 

days of treatment with rapamycin (Figure 9B) (2).  

 

To explore the effect of rapamycin on the osteoblastic VSMC differentiation, Runx2 

expression was determined. qPCR revealed a significant increase of mRNA expression of 

Runx2 in MOVAS cultured under calcifying conditions on day 14 and 21. Treatment with 

rapamycin resulted in a significant decrease of Runx2 expression in MOVAS compared to 

respective controls (Figure 9E). 
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Additionally, gene expression of Sm22α, a marker for adult VSMCs, was evaluated. 

mRNA levels of Sm22α in MOVAS subjected to a calcification medium for 21 days were 

significantly decreased compared to MOVAS cultured with control medium. Gene 

expression of Runx2 in cells under calcifying conditions treated with rapamycin was 

comparable with gene expression in cells subjected to control medium (Figure 9F) (2).  

 

For a more precise characterization of the phenotype of VSMCs, α-SMA expression was 

analyzed using immunofluorescence staining. α-SMA is a marker for cellular contractility 

and was decreased in cells after 14 and 21 days of calcifying conditions. Rapamycin 

treatment resulted in an α-SMA expression, which was similar to the expression in cells 

subjected to control medium (Figure 10B) (2).  

 

Next, the effect of inhibited autophagy on the calcification process in MOVAS was 

studied. For this purpose, cells under calcifying conditions were treated with 3-MA. By 

Western blotting we found that treatment with 3-MA for 21 days significantly decreased 

protein levels of LC3-II compared to cells treated with calcification medium only (Figure 

8F, H). Protein levels of p62 in MOVAS treated with 3-MA under calcifying conditions 

were comparable with p62 levels in MOVAS cultured with control medium (Figure 8G, H) 

(2).  
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Figure 8: Treatment with Rapamycin or 3-methyladenin affects autophagy in MOVAS 

MOVAS were cultured in the presence (grey bars; n=4) or absence of calcifying conditions 

(black bars; n=4). Additionally, cells were treated either with 10 µm rapamycin (red bars; 

n=4) or 5mM 3-methyladenin (green bars; n=4). qPCR analysis (A, B) of rapamycin 

treated cells was performed. Protein levels of LC3-II (C, F) and p62 (D, G) were detected 

by Western Blot (n=3). Representative Western Blots for each treatment are provided (E, 

H). All data are presented as mean ± SEM.  

*p < 0.05, **p < 0.01. This figure has been published previously in (2).  
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Figure 9: Modification of calcification in MOVAS by inducing or blocking autophagy  

MOVAS were maintained in the presence (grey bars; n=4) or absence (black bars; n=4) of 

calcification medium and furthermore incubated with 10 µM rapamycin (red bars; n=4) or 

5 mM 3-MA (green bars; n=4). Intensity of Alizarin Red S staining (A, C) as well as 

cellular calcium content (B, D) was evaluated. qPCR for Runx2 (E, G) and Sm22α (F, H) 

was performed. All data are presented as mean ± SEM. *p < 0.05, **p < 0.01.  

This figure has been published previously in (2).  
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To see if blocked autophagy augments calcification in VSMCs, Alizarin Red S staining as 

well as quantification of calcium deposition was performed. After 7, 14 and 21 days, 

intensity of Alizarin Red S staining was significantly increased in cells under calcifying 

conditions treated with 3-MA compared to cells under control conditions (Figure 9C, 

Figure 10A). Measurement of cellular calcium demonstrated an increase of calcification by 

3-MA treatment in a time-dependent manner (Figure 9D) (2).   

 

Real-time PCR analysis showed that mRNA levels of Runx2 (Figure 9G) and Sm22α 

(Figure 9H) were similar in MOVAS under calcifying conditions and MOVAS under 

calcifying conditions treated with 3-MA. Protein expression of α-SMA was reduced in 

MOVAS treated with 3-MA after 14 and 21 days as compared to MOVAS under 

calcifying conditions (Figure 10B) (2). 
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Figure 10: Calcification and α-smooth muscle actin (SMA) expression in MOVAS is 

affected by inducing and blocking autophagy 

MOVAS were cultured in presence or absence of calcifying conditions and additionally 

treated with 10 μM rapamycin or to 5 mM 3-methyladenine for 7, 14, or 21 days. 

Representative pictures from Alizarin Red S (A) and α-SMA (B) stained cells are 

provided. This figure has been published previously in (2).  
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To confirm the results, an alternative autophagy blocker, namely Bafilomycin was used. 

MOVAS were cultured in presence and absence of calcifying conditions and further 

exposed to 20 mM bafilomycin (2). Calcification was evaluated using Alizarin Red S 

staining as well as determination of calcium disposition in MOVAS. Intensity of Alizarin 

Red S stained cells was significantly increased in MOVAS treated with bafilomycin after 

7, 14 and 21 days (Figure 11A). In line, cellular calcium content was significantly 

augmented in bafilomycin-treated cells as compared to respective controls (Figure 11B) 

(2).  

Gene expression of Runx2 was significantly upregulated in MOVAS cultured under 

calcifying conditions when compared with MOVAS cultured with control medium, after 

14 and 21 days (Figure 11C). In accordance, mRNA levels of SM22α were significantly 

reduced in cells maintained with calcification medium as compared to respective controls 

(Figure 11D). Gene expression of Runx2 and SM22α in MOVAS cultured under calcifying 

conditions and additionally treated with bafilomycin was similar to gene expression of 

MOVAS cultured under calcifying conditions without bafilomycin treatment (Figure 11C, 

D) (2, 120).  

 

After 21 days, Western Blot analysis showed a significant reduction of LC3-II protein in 

bafilomycin-treated MOVAS under calcifying conditions as compared to controls (Figure 

11E, G). Protein levels of p62 were significantly increased in MOVAS in presence of 

calcification medium and additionally exposed to bafilomycin when compared with 

respective controls (Figure 11F, G) (2).  

Thus, bafilomycin treatment in MOVAS resulted in a similar regulation pattern as 

rapamycin treatment (2).  
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Figure 11: Treatment with Bafilomycin influences autophagy and calcification in    

MOVAS 

MOVAS were maintained in the presence (grey bars; n=4) or absence of calcifying 

conditions (black bars, n=4) and additionally treated with bafilomycin (dashed green bars, 

n=4) for 7, 14 or 21 days. Evaluation of Alizarin Red S staining (A) as well as 

determination of cellular calcium content (B) was done. Gene expression of Runx2 (C) and 

Sm22α (D) in MOVAS was analyzed using qPCR. Protein levels of LC3-II (E, G) as well 

as p62 (F, G) were determined by Western blotting. One representative Western Blot (G) 

of three independent experiments is shown. All data are presented as mean ± SEM.  

*p < 0.05, **p < 0.01. This figure has been published previously in (2).  
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To delineate the effects of pharmacological treatment on calcification as well as the direct 

effect of the treatment on cells cultured with control medium, additional experiments were 

performed. Thus, MOVAS were maintained with control medium and exposed to 

rapamycin, 3-MA or bafilomycin for 7, 14 or 21 days (2).  

 

Quantification of Alizarin Red S staining (Figure 12A) as well as measurements of calcium 

depositions (Figure 12B) revealed similar results between the groups. No differences in the 

expression of autophagy-related genes (Figure 12C-F) were detected as compared to 

MOVAS incubated with standard medium. The regulation pattern of LC3-II and p62 did 

not differ between the groups (Figure 12G-L) (2).  
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Figure 12: Calcification and Autophagy in MOVAS under non-calcifying conditions are 

not affected by rapamycin, 3-MA or bafilomycin treatment 

MOVAS were cultured in the absence of calcifying conditions (black bars; n=4) and 

additionally incubated with rapamycin (red bars; n=4), 3-MA (green bars, n=4) or 

bafilomycin (dashed green bars; n=4) for 7, 14 or 21 days. Quantification of Alizarin Red 

S staining (A) as well as cellular calcium measurement (B) was performed. qPCR of 

autophagy-related genes (C-F) was done.  

Protein levels of LC3-II (G, J) and p62 (H, K) were determined using Western Blot. One 

representative Western Blot (I, L) of three independent experiments is shown. All data are 

presented as mean ± SEM. *p < 0.05, **p < 0.01. This figure has been published 

previously in (2).  
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Treatment with rapamycin ameliorates uremic vascular media 

calcification in DBA/2 mice 

 

Next, to study the role of autophagy in uremic vascular media calcification, autophagy was 

increased by rapamycin treatment in vivo. Thus DBA/2 mice were treated either with 0.5 

mg rapamycin per kg body weight or with vehicle. Treatment was started 3 days before 

mice were set on HPD. DBA/2 mice of control groups were treated with rapamycin or 

vehicle and received SCD (2).  

 

First, the renal phenotype of DBA/2 mice was explored. DBA/2 mice fed with HPD had 

significantly increased BUN levels (Figure 13A) as well as significantly increased renal 

calcium levels (Figure 13B) as compared to DBA/2 mice fed SCD. Rapamycin treatment 

did not change BUN or calcium levels in DBA/2 mice set on HPD (2).  

 

Pathohistological evaluations of kidneys revealed that the glomeruli were not affected by 

HPD. However, HPD-fed mice developed signs of acute tubular injury mainly in the distal 

tubules. Distal tubular cells showed vacuolization and loss of nuclear staining as markers 

for beginning cell necrosis. Accordingly, treatment with rapamycin did not alter renal 

histology in HPD fed DBA/2 mice (Figure 13C) (2).  

 

Real-time PCR to detect gene expression of Trp53in, Igfbp3, Hmox1 and Atg16l1 was 

performed (Figure 13D-G). The mRNA levels of these autophagy associated genes were 

similar between the four groups. Protein levels of LC3-II and p62 in kidneys were 

determined using Western Blot (Figure 13H-J). Western Blot analysis revealed that the 

protein levels did not differ between the four groups (2). 

These findings indicate, that autophagy in kidney was not influenced by either HPD or 

rapamycin treatment (2).  
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Figure 13: Renal phenotype is not influenced by rapamycin treatment 

DBA/2 mice were set on high phosphate diet (HPD) or standard chow diet (SCD) for 12 

days and were furthermore treated with rapamycin or vehicle from day -3. (SCD + vehicle: 

black bars; SCD + rapamycin: grey bars; HPD + vehicle: light grey bars; HPD + 

rapamycin: red bars; n=4 per group). Blood urea nitrogen (BUN) levels (A) as well as 

calcium content of kidneys (B) were quantitatively determined. Representative pictures of 

periodic acid Schiff’s (PAS) stained kidney sections are shown (C). Areas of early necrotic 

tubular epithelial cells are marked with black circles. Real-time PCR for autophagy-related 

genes from renal tissue was done (D-G). Western Blot analysis to detect protein levels of 

LC3-II and p62 in kidneys was done. Three independent experiments were performed. A 

representative Western Blot is provided (J). *p < 0.05.  

This figure has been published previously in (2).  
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In order to explore the vascular phenotype in DBA/2 mice, aortas were isolated and 

evaluated.  

 

First, expression of autophagy related genes was determined using qPCR (Figure 14A). 

mRNA levels of Trp53in, Igfbp3, Hmox1, Adrb2 and Atg16l1 were significantly increased 

in DBA/2 mice fed HPD and treated with rapamycin. In line, a significant increase of LC3-

II protein levels and a significant decrease of p62 protein levels was observed in 

rapamycin-treated mice set on HPD when compared with respective controls (Figure 14C-

E) (2). 

 

Interestingly, rapamycin treatment inverted the increase of pro-inflammatory cytokine 

mRNA expression such as Tnf-alpha and Il6 in aortic tissue of mice fed HPD. In 

accordance, Tbx21, the master regulator for TH1 differentiation in mice, was 

downregulated by rapamycin treatment in DBA/2 mice fed HPD. Gene expression of 

Foxp3, the master gene regulator of regulatory T cells, was significantly upregulated by 

rapamycin treatment in aortas of HPD mice (Figure 14B) (2).  

 

Next, the influence of rapamycin treatment on vascular calcification was investigated. 

Determination of aortic calcification by measuring the calcium content of aortas revealed a 

significant reduction of calcium in rapamycin treated HPD mice when compared with 

vehicle treated HPD mice (Figure 14F). mRNA levels of Runx2 were significantly 

downregulated in aortas of mice fed HPD and treated with rapamycin as compared to 

vehicle HPD mice. Of note, after rapamycin treatment, calcium levels as well as gene 

expression levels of Runx2 of HPD mice were decreased to the levels that were found in 

aortas of SCD mice (Figure 14G) (2).  

 

Previous data showed, that DBA/2 mice fed with HPD die because of remarkable 

cardiovascular calcification, which leads to bradycardia and sudden cardiac death (110). 

This finding was the reason why we wanted to know if rapamycin-treatment had an impact 

on survival rate in DBA/2 mice fed HPD. DBA/2 mice set on HPD and treated with 

rapamycin survived significantly longer as compared to HPD mice treated with vehicle 

(Figure 14H) (2).   
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Figure 14: Rapamycin-induced autophagy improves uremic vascular media calcification 

DBA/2 mice were fed with high-phosphate diet (HPD) or standard chow diet (SCD) for 12 

days and were additionally treated with rapamycin or vehicle from day -3. (SCD + vehicle: 

black bars; SCD + rapamycin: grey bars; HPD + vehicle: light grey bars; HPD + 

rapamycin: red bars; n=4 per group). qPCR analysis to evaluate autophagy associated 

genes (A) as well as inflammatory genes (B) in aortas was done. Protein levels of LC3-II 

(C) and p62 (D) were determined using Western Blot analysis. Three independent 

experiments were performed. A representative Western Blot (E) is provided. 

Quantification of total calcium content (F) in aortic tissue was done. Expression of Runx2 

(G) in aortas was evaluated by performing qPCR. A Kaplan-Meier plot of mice set on 

HPD and treated with either vehicle (grey line) or Rapamycin (red line) is shown (H; n=14 

per group). All data are presented as mean ± SEM. *p < 0.05, **p < 0.01. 

This figure has been published previously in (2).  

 

  



 66 

Treatment with rapamycin delays progression of established uremic 

vascular media calcification in DBA/2 mice 

 

To provide evidence for the suitability of rapamycin for therapeutic treatment, the 

efficiency of rapamycin to ameliorate already established uremic vascular media 

calcification was evaluated. For this purpose, rapamycin treatment was started on day 5 of 

high-phosphate treatment and followed until day 12 (2).  

 

In order to test if later started rapamycin treatment would still results in increased 

autophagy, protein levels of LC3-II and p62 were detected by Western Blotting. Protein 

expression of LC3-II (Figure 15A, C) as wells as p62 levels (Figure 15B, C) was not 

significantly influenced by rapamycin treatment in DBA/2 mice fed HPD (2).  

However, total calcium content of aortas was significantly reduced in rapamycin-treated 

mice set on HPD when compared with vehicle treated HPD mice (Figure 15D) (2).  
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Figure 15: Rapamycin treatment ameliorates uremic vascular calcification in DBA/2 

mice with present vascular calcification.  

DBA/2 mice were fed with high-phosphate diet (HPD) or standard chow diet (SCD) for 12 

days and additionally treated with rapamycin or vehicle from day 5. (SCD + vehicle: black 

bars; SCD + rapamycin: grey bars; HPD + vehicle: light grey bars; HPD + rapamycin: red 

bars). Protein levels of LC3-II (A) as well as p62 (B) were detected using Western Blot 

analysis (n=3). A representative Western Blot is provided (C). Quantification of total 

calcium content of aortic tissue (D) was done (n=5). All data are presented as mean ± 

SEM. *p < 0.05. 

This figure has been published previously in (2).  
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Discussion 

 

 

In the last decades CKD became a global health problem, affecting approximately 10% of 

adults worldwide (5). clinical The definition, diagnosis, and evaluation of CKD, including 

CKD-MBD were important milestones in recent clinical nephrology (75, 122). Current 

research is focused on the pathogenesis of CKD and its various deleterious complications 

(122, 123). The need for a deeper understanding of CKD derives from the fact that patients 

suffering from CKD stage 4-5 are ultimately dependent on renal replacement therapy 

which is associated with increased mortality, morbidity and reduced quality of life.  

In order to address these research needs, different animal models have been developed. For 

the present doctoral thesis, we used DBA/2 mice on high-phosphate diet. In the first part of 

this thesis we put a strong emphasis on the impact of CKD on mineral bone disorder. In the 

second part of the thesis, we focused on the impact of CKD on vascular media calcification  

 

 

Taken together, the findings of part A of the thesis allow postulating a new model of 

chronic kidney diseases. This murine model of CKD reflects important features of mineral 

and bone disorder, such as vascular media calcification, secondary hyperparathyroidism, 

and low-turnover bone disease (1).  

 

The conventional model to investigate chronic kidney disease is the 5/6 nephrectomy 

model. The disadvantage of this model is that it is problematic to induce robust CKD in 

mice and it that is also challenging to reproduce surgery conditions leading to the same 

outcomes. For this reason, many researchers are working with the CKD model established 

by Gagnon et al.  In this model, chronic kidney disease is induced by coagulating the renal 

surface of one kidney and after some weeks of recovery a nephrectomy of the other kidney 

is performed (124). Still, the rate of mortality during and after this invasive intervention is 

very high and the surgical procedure, which is essential to induce chronic kidney diseases, 

causes a lot of bias (84, 124).  

In contrast, our model is not based on surgical interventions which results in a low 

mortality rate (5 to 10%), since we stop the high-phosphate treatment on day 4 or 7, 

respectively (1). As recently published, the survival of DBA/2 mice significantly decreases 

when mice are set on high-phosphate diet for more than 10 days (110). Due to the fact that 
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C57BL/6 mice do not develop remarkable renal calcification or any calcification of the 

cardiovascular system, it is very important to use DBA/2 mice for our CKD-MBD model 

(125). DBA/2 mice are prone to developing tissue calcification, because this mouse strain 

has an alternative splice variant of the Abcc6 gene (86, 88). 

 

In our murine CKD-MBD model, DBA/2 mice develop chronic kidney disease according 

to the human equivalent of stage 3 in CKD. This is shown by a 50% reduction of 

glomerular filtration rate in HPD mice when compared to control mice (1). On the 

contrary, mice with surgically induced chronic kidney disease normally correspond to a 

CKD stage 5 in humans (84, 126, 127).  

 

Therefore, our murine model is suitable to investigate changes and alterations in various 

organs in early stages of CKD-MBD. This opportunity is of high importance because only 

early started therapeutic interventions seem to be successful in improving mortality and 

morbidity in patients suffering from CKD.  

The results of our studies revealed that CKD mice develop cardiovascular changes such as 

media sclerosis in the abdominal aorta. Since we had a low number of mice for 

echocardiographic evaluations and the heart weights were similar between the groups, it is 

hardly possible to determine if the CKD mice additionally developed concentric left 

ventricular hypertrophy (1). Previously data showed that mice with HPD-induced acute 

kidney injury suffer from a dystrophic cardiac calcinosis, which leads to a significantly 

increased mortality rate in these mice (110). In contrast, the here presented CKD-MBD 

model displayed a different cardiac phenotype, since HPD fed mice did not develop 

calcifications in the myocardium. Nevertheless, preliminary observation using 

echocardiography revealed that CKD mice developed some extent of cardiac hypertrophy 

(1). One explanation for this observation could be that the mice might have hypertension, 

which would reflect the human equivalent of CKD-MBD (1). To extensively describe the 

cardiovascular changes as well as the cardiac phenotype, additionally evaluations such as 

blood pressure measurement and an increase of n-numbers in echocardiographic analysis 

are indispensable.  

In our murine CKD-MBD model, media sclerosis was mainly located in the abdominal 

aorta, which was consistent with previous data from our group published in a high-

phosphate induced uremic calcification mouse model (1, 111). Kirsch et al. showed that in 

patients with CKD as well as in DBA/2 mice with CKD, the abdominal aorta was more 
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prone to vascular media calcification as compared to the ascending aorta (111). The 

underlying mechanism to explain this finding is still under investigation. A possible 

explanation could be the different developmental origins of vascular smooth muscle cells, 

which results in a different susceptibility to calcify according to the different parts of the 

aorta (111, 128).  

 

The DBA/2 mice in our CKD-MBD model displayed a low-turnover bone disease, which 

was determined by bone histomorphometric evaluations, although serum parathyroid 

hormone levels were significantly increased in mice with chronic kidney disease (1). This 

shows that Pth is not a suitable biomarker to diagnose bone disease in CKD. Instead bone 

histomorphometry should be used for analyzing and detecting of bone disease in CKD (24, 

75).  

Measurements of serum Fgf-23 revealed a significant increase in HPD-fed mice when 

compared to SCD fed mice after 14 days. Interestingly, on day 84 no difference in Fgf-23 

levels between the groups was detectable (1). Apparently, the early Fgf-23 increase is a 

physiological reaction to compensate the oral high-phosphate intake. Since mice were 

subsequently set on SCD after HDP treatment, Fgf-23 levels normalize within the 

following days. Recently, Graciolli et al. described an increased expression of Ffg-23 in 

patients with renal osteodystrophy (129). Thus, it would be interesting to investigate the 

role of Ffg-23 in the bone of DBA/2 mice in our CKD-MBD in detail.  

 

The present murine model is the first experimental CKD model which is accompanied by a 

low-turnover bone disorder (1). Another existing CKD model is surgically induced by 

subtotal nephrectomy and describes renal osteodystrophy (84, 126, 127). In contrast to our 

CKD-MBD model, histomorphometrical analysis was done in the lumbar vertebrae (84).  

Cejka et al. also performed microCT evaluations in the tibia-trabecular area and their mice 

displayed increased bone volume and decreased bone mineralization (84). However, the 

mice in our CKD-MBD model revealed decreased bone volume as well as decreased 

mineralization in the tibia (1). Further analysis of the bone phenotype in our CKD-MBD is 

still necessary. For example, histological evaluation as well as confocal microscopy of the 

bone could be performed to explore the murine model in detail. 

Nevertheless, we present a model of chronic kidney disease which reflects important 

features of the human equivalent and represents a useful tool for the investigation of 

pathogenic features of the mineral and bone metabolism in CKD as well as treatment 

options of CKD-MBD without the need for surgical methods (1).  
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The research question of part B of the present thesis was focused on the investigation of 

the role of autophagy in the uremic media calcification.  

Our findings represent convincing evidence that uremic media calcification results in an 

increased autophagy in vascular smooth muscle cells both in vitro and in vivo. The 

autophagic process is an endogenous and protective response to vascular calcification, 

whereas autophagy increased by pharmacological treatment even improves uremic media 

calcification (2). 

Existing murine models have already showed that autophagy is a protective mechanism to 

counteract atherosclerosis, but those models mostly use Apo E knockout mice. This mouse 

strain is optimal to mimic human atherosclerosis, contrary our model with DBA/2 mice, 

which reflects uremic media calcification (2, 111, 112, 120). Uremic media calcification 

and atherosclerosis are different in their histological phenotype as well as in their 

underlying pathomechanisms (73). The data on the role of autophagy in uremic media 

calcification are rare, only Dai et al. showed that stimulation of vascular smooth muscle 

cells under high-phosphate conditions results in protections from calcification due to 

increased autophagy in cells (118). First of all, we could confirm the in vitro findings 

published from Dai et al. and furthermore we were able to extend the finding to the in vivo 

situation (2, 118, 120).  

 

For our studies we used a murine model of uremia induced by treatment with HPD and 

additionally characterized by remarkable vascular media calcification (111). We showed 

that the calcification of the tunica media comes along with an increase of autophagy in 

VSMCs. Rapamycin treatment started on day -3 in DBA/2 mice fed HPD leads to an 

increase of autophagy resulting in a reduction of aortic calcification as well as in an 

extension of the life span of DBA/2 mice. Furthermore, rapamycin treatment was also 

efficiently decreased calcification in aortas when mice already had established vascular 

calcification (2).  

To prove that the decreased vascular calcification is not a side effect of improved kidney 

function by rapamycin treatment, the kidney phenotype was evaluated. We found that the 

protective effects of treatment with rapamycin were not affecting kidney function, since 

neither renal function nor calcification was changed by rapamycin (2). Up to now, we can 

only hypothesize about the different susceptibility to protection from calcification by 

autophagy induction in aortas and kidneys. One explanation could be that the calcification 
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process in the kidney is characterized by a higher severity compared to aortic calcification, 

which is why the body reacts in form of a necrosis instead of inducing autophagy (2).  

A major limitation of our experimental setup in DBA/2 mice is the fact that rapamycin is 

accompanied by systemic anti-inflammatory effects. We cannot totally exclude that the 

improved outcome of rapamycin-treated mice is caused by the systemic anti-inflammatory 

effects of the treatment per se (2).  

Rapamycin is an immunosuppressive compound produced by Streptomyces hygroscopicus 

and can be used to induce proliferation of regulatory T cells in vitro and in vivo (130, 131). 

Accordingly, transcription levels of Foxp3 were significantly increased in aortas of 

rapamycin-treated mice as compared to vehicle-treated mice, whereas the expression of the 

regulator of TH1 differentiation as well as the expression of macrophage marker were 

supressed (2). Nevertheless, the precise role of inflammation in the pathogenesis of uremic 

vascular media calcification is still unclear (73, 111, 132). Previous data from our group 

showed that infiltration of immune cells in aortas of DBA/2 mice suffering from uremic 

media calcification is a secondary phenomenon induced by vascular calcification (111). 

Hence, in vivo experiments using autophagy inducers which are more specific and do not 

affect the immune system, such as TAT-Beclin (133), are needed to investigate the impact 

of autophagy on media vascular calcification as well as on the survival rate of mice (2).  

 

Another method to induce autophagy in cells is fasting, in form of a nutrient and amino 

acid deficiency. This mechanism could also play a role for the in vivo model, since DBA/2 

mice on HPD reduce food intake resulting in a significant drop of body weight (2).  

Besides, autophagy can be induced by the production of ROS. Dai et al. provided evidence 

that this activation pathway is involved in phosphate-induced autophagy in VSMCs (118). 

In our murine model we detected signs of elevated ROS production in aortas of HPD-fed 

mice, which were evaluated using the NBT staining technique (2). Nevertheless, to 

describe the role of ROS production in our in vivo model in detail, additional experiments 

are necessary.  

Furthermore, there are recent data suggesting that inflammasomes and autophagy regulate 

each other. On the one hand an autophagic process results in removal of intracellular 

DAMPs, inflammasome components, or cytokines, which leads to a reduction of 

inflammasome activation. On the other hand, inflammasome activation can increase 

autophagy to protect from excessive inflammation (134-137). Previous data demonstrated 

that the autophagy related gene Agt16l1 is a fundamental component in the process of 



 73 

autophagy to control of the endotoxin-induced inflammatory immune response and is 

therefore linked with inflammasome. Thus, depletion of Atg16l1 results in an increased 

endotoxin-induced IL-1 beta production (138). We detected a significant increase of the 

gene expression of Atg16l1 in aortas of mice treated with HPD, but we do not find 

alterations in transcription levels of Il-1beta in aortic samples of HPD fed mice. This leads 

to the assumption that this pathway plays no role in the calcification process of the aorta in 

our uremic model (2).  

 

Most of the pathways to activate autophagic processes are linked with the mTOR- 

pathway, but also some independent pathways have been described (112). While  

autophagy is a cell survival mechanism, it can also promote cell death if the cellular 

damage becomes irreparable (139). Therefore, it has been suggested that autophagy 

reduces the matrix vesicle release in VSMCs, since the formation of matrix vesicle is 

essential for the calcification process (118). But further investigation is needed to prove if 

the formation and the release of matrix vesicle is also crucial in the in vivo situation.  

In contrast to Dai et al. we found that mRNA levels of Runx2, a marker of osteogenic 

transdifferentiation of VSMCs (140), were significantly increased under calcifying 

conditions both in vivo and in vitro (2). Of note, rapamycin treatment resulted in 

significantly decreased transcription levels of Runx2 in MOVAS under calcifying 

conditions as well as in aortas of DBA/2 mice fed HPD (2). According to our hypothesis, 

that autophagy inhibits osteogenic trans-differentiation of VSMCs, gene expression of 

SM22α and protein expression of α-SMA were both increased in MOVAS treated with 

rapamycin, while MOVAS treated with 3-MA displayed decreased expression of α-SMA 

as well as of SM22α (2). Osteogenic transdifferentiation of VSMCs is associated with 

reduced expression of both α-SMA and SM22α (141) (142). 

 

To conclude, autophagy is an endogenous protective response of VSMC during uremia to 

protect from calcification by probably by inhibiting osteogenic transdifferentiation of 

VSMCs. This leads to the assumption that increasing autophagy could be an attractive 

treatment strategy to improve vascular calcification in patients suffering from CKD and 

ESRD (2, 120).  
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CKD is characterized by a disturbed mineral and bone metabolism and also associated with 

a high risk of vascular calcification (13). These severe complications of CKD were subject 

of the present thesis that investigated the bone-kidney axis in CKD using a novel animal 

model. In part A, we established a murine model of CKD which may serve as useful tool to 

test potential therapeutic interventions in CKD-MBD. In part B we took a step forward, 

focused on the cardiovascular endpoints, and clearly demonstrate that autophagy protects 

from uremic media calcification in our animal model. Thus, these investigations might 

pave the way towards new pharmacological principles for the treatment of CKD and its 

deleterious clinical complications.  
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