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1. Introduction 

1.1. Diabetes mellitus (DM) 

Diabetes mellitus (DM) is a chronic, progressive metabolic disorder which develops by 

the synergic effect of genetic and environmental factors. In the ageing society of 

modern times, unhealthy lifestyle, inappropriate diet and decreased physical activity, 

there is a mean increased exposure to the conventional risk factors like genetic 

susceptibility, some viral infections, or lower socio-economic status. 

DM originates from inadequate insulin secretion of β cells in the pancreas’ Langerhans 

islets or ineffectiveness of the produced insulin (insulin resistance), resulting in 

hyperinsulinaemia. This relative or absolute insulin depletion leads to the impaired 

regulation of energy homeostasis. Disturbed carbohydrate metabolism with high blood 

glucose levels is at the centre of the disease. Still, consequently, it affects salt-water 

homeostasis, lipid and protein metabolism and acid-base balance as well. (1) 

1.1.1. Importance 

One of the most significant public health issues in the 21st century is DM, with its 

plague-like, continuously increasing morbidity and mortality. According to international 

statistics, 588 million people (every 10th adult) live with DM worldwide, while half of 

the cases remain undiagnosed. (Figure 1.) Considering the increasing incidence and 

prevalence rates, predictions anticipate 852 million people having DM by 2050. (2) 

DM also affects the younger population. The International Diabetes Federation started 

the Type 1 Diabetes Index program in 2022 to determine accurate estimates of type 1 

DM (T1DM). According to their current data, 9.4 million people live with T1DM, of 

whom 1,66 million are younger than 20. (3) 
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Figure 1. Estimated age-adjusted comparative prevalence of diabetes in adults 

(International Diabetes Federation Diabetes Atlas 11th edition, 2025) (2) 
 

DM is within the top 10 leading causes of death globally. In 2021, almost 7 million 

adults were estimated to have died from DM and its complications. (2) 

The prevalence of DM has been increasing in Hungary as well. Analysis of the National 

Health Insurance Fund database revealed that 929 711 patients had type 2 DM (T2DM) 

in Hungary in 2020, (4) representing 7-9% of the adult population, higher than most 

European countries. The Hungarian Central Statistical Office stated that between 1999 

and 2019, the number of diabetic Hungarians tripled, which means more than 1.1 

million adults and 5 thousand children. (5). According to the Type 1 Diabetes Index 

program’s data, 39,130 Hungarian people lived with T1DM in 2024, which is expected 

to grow to 73,220 by 2040. Hungarian T1DM patients lose 16.3 healthy years on 

average and have 8.1 years shorter life expectancy. (6) 

DM care is a real financial burden, and the treatment, including hospital-related costs, 

increased from 251 to 699 million Eur in 15 years. (7) In 2019, HUF 63.5 billion was 

paid out from the Health Insurance Fund due to DM-associated medication and care. (8)  

 

1.1.2. Diagnosis 

Diagnosis of DM is based on blood glucose measurement ordered because of typical 

clinical symptoms, glycosuria, overwhelming family history, or carried out during 

regular health screenings. The main symptoms appear when the blood sugar level rises 

because, without insulin, the muscle cells and adipocytes cannot process glucose. A 
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glucose shortage in tissues caused by hindered uptake enhances the processes of 

gluconeogenesis in the liver. (9) In T2DM typical hyperglycaemic symptoms may not 

be present or appear much later. 

The main diagnostic criteria of DM is hyperglycaemia; the threshold levels are 

summarised in Figure 2. In short, if random plasma glucose (without considering any 

food intake) is above 11.1 mmol/L in the presence of classic clinical symptoms, the 

diagnosis can be made immediately. Haemoglobin A1c (HbA1c) equivalent to 6.5% or 

higher indicates DM. (10)  

If fasting (defined as no caloric intake in the past 8 hours) plasma glucose level is 7 

mmol/L or higher, DM can be diagnosed, while with results between 6.1 and 7.0 

mmol/L, an oral glucose tolerance test (OGTT) should be carried out. During OGTT, 

75g of glucose is consumed orally after fasting for 8 hours, and blood glucose level is 

measured 120 minutes later. If this value is above 11.1 mmol/L, DM can be diagnosed, 

while between 11.1 and 7.8 mmol/L, the condition is described as impaired glucose 

tolerance (IGT). If the OGTT result is normal (below 7.8 mmol/L), impaired fasting 

glucose (IFG) may be the sign of prediabetes, a transition state between normal glucose 

regulation and DM. When diagnostic criteria of DM are not met, but glucose regulation 

is impaired, blood sugar levels are higher than physiologic parameters, IFG and/or IGT 

are present, and HbA1c levels between 5.7 and 6.4% can also indicate prediabetes. (11) 

On the other hand, there are some transient disesases, where blood sugar level can be 

higher, but the diagnosis of DM can not be verified. Additionally, in T1DM auto-

antibody positivity can be detected prior to blood glucose elevation, therefore stage 1 of 

T1DM can be diagnosed based on antibody screening, as well. (12) 
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Figure 2. Diagnostic criteria of diabetes (IGT = impaired glucose tolerance; IFG = 

impaired fasting glucose; OGTT = oral glucose tolerance test; HbA1c = haemoglobin 

A1c) (Modified figure of International Diabetes Federation Diabetes Atlas, 11th edition, 

2025) (2) 

1.1.3. Classification 

Based on aetiology, DM is classified into four main categories, T1DM, T2DM, 

gestational DM (GDM), and specific types of diabetes due to other causes. T2DM forms 

90% of all DM cases, 20% of them are above 65 years of age, although its prevalence is 

increasing among children as well. (13) T1DM is one of the most common chronic 

diseases in childhood, accounting for 5-10% of all DM cases. GDM is diagnosed in 3-

5% of pregnancies and foreshadows a higher risk for developing future diabetic 

conditions. (14) 

T1DM usually develops before the age of 35, with classical clinical symptoms, like 

polyuria (frequent urination caused by osmotic diuresis due to higher urinary glucose 

content), polydipsia (excessive thirst driving increased fluid intake), sudden 

unexplained weight loss with constant hunger, as protein and lipid catabolism enhances 

(causing negative nitrogen balance), fatigue, and blurred vision. 

It progresses quickly in children and adolescents and is often accompanied by other 

autoimmune diseases. In T1DM, autoimmune insulitis causes β-cell damage, eventually 

resulting in an absolute lack of insulin, even though the exact pathomechanism is still 

unknown. The autoimmune pathophysiology is confirmed by detecting islet cell-
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specific autoantibodies (ICA) before the onset of clinical symptoms. (15) In adult cases 

of latent autoimmune DM, the slow progression of autoimmune DM can mimic T2DM. 

Therefore, ICA detection has an essential role in differentiation. The Type 1 Diabetes 

Index initiative will also be used to determine accurate estimates of T1DM prevalence. 

(16) 

The genetic susceptibility is supported by the fact that 20% of T1DM cases show 

familial accumulation. In 90% of patients, the human leukocyte antigen (HLA) DR3 

and/or DR4 allele is present, and their insulin gene often contains a variable number of 

tandem repeats polymorphism. (17) As environmental trigger factors, intestinal 

microbiota, dietary factors (gluten, breastfeeding, cow milk, vitamin D) and viral 

infections (Coxsackie, mumps, rubella, enteroviruses) are mentioned most often. (18-

21)  

In T2DM, peripheral insulin resistance is the cause, which results in the relative lack of 

insulin, leading to hyperglycaemia. After exhaustion of the hyperinsulinaemic phase, 

the secretory defect results in a low insulin level. Additionally, increased 

gluconeogenesis in the liver further raises the level of blood glucose. (22) In T2DM, 

familiar accumulation is even stronger than in T1DM. Single-nucleotide polymorphisms 

mostly characterise genetic background, but certain environmental factors are crucial 

for somatic manifestations. Less physical activity, sedentary lifestyle, with or without 

obesity and smoking, worsen glucose metabolism disturbances. Among further 

predisposing factors, previous GDM, IGT, IFG, hypertension and dyslipidaemia are the 

most important. (23)   

GDM is diagnosed when carbohydrate metabolism disturbances causing 

hyperglycaemia are first detected during pregnancy. Higher blood glucose levels during 

childbearing bring a higher risk for maternal and foetal complications, and GDM in 

subsequent pregnancies, or developing T2DM. (24) 

Besides these most common forms of DM, other rare types also exist. Monogenic DM 

syndromes (Maturity-onset DM of the young, neonatal DM), secondary (cystic fibrosis, 

pancreatitis) or steroid-induced DM, type 3c DM associated with Alzheimer’s disease, 

Alström and Wolfram syndrome can be listed as examples. Still, their further detailed 

explanation is beyond the scope of this dissertation. (25-27) 
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1.1.4. Multiorgan complications 

Pathophysiological changes in DM cause permanent tissue damage to various organs. 

Due to the increasing incidence and prevalence of DM, its complications are becoming 

more common as well. DM is the leading cause of blindness, kidney failure, heart 

attacks, stroke, and lower limb amputations. (28) Macroangiopathic complications 

involve early atherosclerosis, accelerating the development of cardiovascular diseases 

(CVD), leading to ischaemic heart disease, peripheral or cerebral artery stenosis, or 

ischaemic stroke. (29) In microangiopathic complications, thickening of the capillary 

basal membrane causes retino-, nephro- and neuropathy. (30) 

These diseases worsen the severe socio-economic burden in developed countries, 

including Hungary. (7) Therefore, in everyday diabetic patient care, preventing and 

treating late-onset complications are the main challenge and tasks. 

1.2. Diabetic kidney disease (DKD) 

Chronic kidney disease (CKD) occurring in diabetic patients is considered diabetic 

kidney disease (DKD). DKD is a clinical diagnosis based on albuminuria above 30 mg/ 

24 hours, accompanied by decreased glomerular filtration rate (GFR) in patients with 

diabetes. (31) With time and without treatment, DKD usually progresses and might 

result in end-stage renal disease (ESRD). ESRD requires renal replacement therapy 

(dialysis or kidney transplantation), which implies a further significant economic and 

medical burden on the patient and society. Time after the onset of DM and patient 

cooperation are essential factors in DKD risk evaluation since worsening glycaemic 

control enhances disease progression. (32) 

1.2.1. Prevalence 

Kidney damage develops in about 30% of all diabetic patients. DKD is the leading 

cause of ESRD in adults, being responsible for 30-40% of the cases, and its prevalence 

is increasing worldwide. (33) In the case of T1DM, the chance of developing DKD is 

10% higher than in T2DM, but renal damage develops later, 10-15 years after the onset 

of T1DM. In contrast, DKD could be present even at first diagnosis in T2DM patients, 

due to delays in recognition. The presence of albuminuria means a 95% chance of 

having DKD in T1DM, but it has less specificity in T2DM, as other causes of chronic 
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kidney disease can occur within this age group.  DKD significantly affects mortality; it 

is responsible for 55% of the deaths of T1DM patients (34, 35) 

1.2.2. Classification and diagnosis 

Diagnosis of DKD can be set in diabetic patients, where pathologic albuminuria or 

decreased renal function are present in 2 out of 3 measurements within 6 months, if 

other renal disease or other reasons for proteinuria can be excluded. (36)  

Classification of DKD is based mainly on the quantity and rate of albuminuria. In the 

first stage, GFR is increased as hypertrophic glomeruli generate hyperfiltration. 

Initially, 30-300 mg/day moderately increased albuminuria or a 3-30 mg/mmol urine 

albumin/creatinine ratio (UACR) refers to early signs of glomerulo- and tubulopathy. 

The second stage comes with intermittent periods of moderately increased albuminuria 

and electronmicroscopic histological changes. In the third stage, GFR declines with 

constant moderately increased albuminuria and increasing blood pressure. Clinically 

manifested nephropathy occurs with severely increased albuminuria in the fourth stage, 

where urinary albumin is more than 300 mg/day, and/or UACR greater than 30 

mg/mmol. This is accompanied by non-selective proteinuria, significantly decreasing 

GFR and urinary output, higher serum creatinine levels and hypertension. The fifth 

stage is ESRD, where the number of working nephrons decreases massively, resulting 

in uraemia, low or no urine output, oedema, and fatigue. Inappropriate erythropoietin 

production causes anaemia, cholesterol and triglyceride levels increase; vitamin D 

production is hindered, enhancing bone loss. (37) 

However, newer studies find that decreased GFR values are better predictors of DKD 

progression than albuminuria, even though both have their limitations in specificity and 

sensitivity. Therefore, ongoing efforts to develop new biomarkers, especially with non-

invasive measurements from urine, will facilitate earlier and more accurate diagnosis of 

DKD. (38) 

1.2.3. Pathogenesis 

In the diabetic kidney, endothelial and tubular epithelial cells have pivotal importance 

as they cannot downregulate their glucose transport even in hyperglycaemic conditions. 

High intracellular glucose concentration, advanced glycation end products, and reactive 

oxygen species induce several signal transduction cascades through or without protein 



- 13 - 

 

kinase C enzyme activity. (39) Another crucial cellular contributor to glucose toxicity is 

posttranslational O-linked N-acetylglucosamine modification (O-GlcNAcylation) of 

proteins through increased hexosamine biosynthesis pathway activity. During the 

process, a single O-GlcNAc moiety is added to serine/threonine residues of proteins by 

O-GlcNAc transferase (OGT) and removed by O-GlcNAcase (OGA) enzyme. 

Therefore, they usually keep the level of glycosylation in a dynamic equilibrium. (40) 

Hyperglycemia-increased glucose flux activates O‐GlcNAcylation, which promotes 

insulin resistance and disrupts the function and metabolic balance of vascular, neuronal, 

and renal cells. (41) 

These pathways, together with the increased activation of the renin-angiotensin-

aldosterone system (RAAS), promote the production of proinflammatory and 

profibrotic factors such as nuclear factor kappa B (NFκB), transforming growth factor β 

(TGFβ), connective tissue growth factor (CTGF), and platelet-derived growth factor 

(PDGF).  

All the above processes lead to the progression of DKD and the development of kidney 

fibrosis. (42) 

One of the first structural changes in the kidney is mesangial matrix expansion due to 

increased extracellular matrix (ECM) secretion and mesangial cell hypertrophy. In 

T1DM, mesangial matrix expansion strongly correlates with GFR, albuminuria and 

hypertonia. Electronmicroscopic changes include glomerular basal membrane (GBM) 

thickening and podocyte number decrement, resulting in damaged structural integrity of 

glomerular filtration, leading to proteinuria. In parallel, profibrotic changes like ECM 

protein accumulation and reorganization of the actin cytoskeleton also affect the tubular 

structure, leading to tubulointerstitial damage. (43) As DKD progresses, 

glomerulosclerosis and tubular aggregation of ECM proteins such as collagen I, III, IV 

and fibronectin lead to fibrotic changes. (44)  

1.2.3.1. Fibrosis and its marker molecules 

In the pathomechanism of DKD, kidney fibrosis plays a central role. Fibrosis is part of 

the natural wound healing process, where tissue damage induces an inflammatory 

response, contributing to normal regeneration or uncontrolled tissue proliferation 

resulting in progressive fibrosis.  
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Hyperglycaemia-induced overexpression of profibrotic factors such as TGFβ, CTGF, 

and PDGF has been implicated in the setting of DKD through the modulation of various 

signal transduction pathways. Although PDGF and CTGF expression can be activated 

through TGFβ-dependent and independent pathways (45), they act through PDGF 

receptor β (PDGFR-β) expressed on fibroblasts. (46-48) These profibrotic factors 

contribute to the pathogenesis of fibrosis in DKD by enabling fibroblasts to differentiate 

and migrate, which eventually induces the expression of ECM components, including 

different collagen types and matrix metalloproteinases (MMPs). (49) 

TGFβ1 is the most commonly studied isoform of TGFβ, regulating cell proliferation, 

differentiation and apoptosis. (50) It is relevant in regular tissue repair and the 

development of several fibrotic processes. (51) In case of hyperglycaemia or oxidative 

stress, TGFβ1 is synthesized by all types of renal cells. (52) It promotes ECM 

deposition by inducing fibroblasts to differentiate and synthesise fibrotic components 

(53) and directly inhibiting MMPs or activating tissue inhibitors of MMPs. (54) 

PDGF protein family consists of homo- and heterodimers. The homodimer PDGF-BB is 

crucial for producing and maintaining renal ECM, thereby regulating proliferation, 

migration and mesangial cell survival. (55) Other renal mesenchymal cells, like 

interstitial fibroblasts or vascular smooth muscle cells, also express PDGF receptors, 

thus contributing to vascular alterations and interstitial fibrosis. In diabetic kidneys, 

high glucose induces a persistent increase in PDGFB gene expression, thus stimulating 

fibroblast proliferation, collagen and ECM production. (56) 

CTGF, as a member of the CCN family (cysteine-rich 61, connective tissue growth 

factor, nephroblastoma overexpressed), is a matricellular protein that promotes 

angiogenesis, inflammation, tissue repair and fibrosis. (57) 

Fibroblasts are the primary effector cells of fibrosis, and their differentiation to 

myofibroblasts is indicated by alpha‐smooth muscle actin (αSMA) production. (58) 

When activated, they serve as primary collagen‐producing cells and contribute to ECM 

accumulation, where the production of ECM components, including type I and III 

collagen, and fibronectin increases. (59)  

The impaired turnover (formation and degradation) of ECM components leads to the 

secretion of specific pro‐collagen terminal fragments and protein neo‐epitopes into the 
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urine, which have recently been identified as novel, early, non-invasive urinary 

biomarkers of renal fibrosis. (60) (Figure 3.) Two examples of these are neo‐epitopes of 

MMP‐9‐mediated degradation of type III collagen (C3M) (61) and type IV collagen 

alpha 3 chain known as tumstatin (TUM). (62) 

   
 

Figure 3. Novel biomarkers of renal fibrosis and concept of their measurement (ECM = 

extracellular matrix) modified figure of Genovese et al.  (60) 

1.2.4. Treatment 

Current treatment strategies cannot prevent ESRD development; they just slow down 

the progression of DKD. (63) Basic steps of DKD management include intense blood 

glucose and blood pressure control, regular screening of albuminuria, avoiding 

nephrotoxic agents, and dietary restrictions. (64) Guidelines suggest targeting HbA1c 

level at about 7%, (65) but glycaemic control and restrictions should be considered 

respecting patients' age, comorbidities and life expectancy.  

Currently preferred medications besides antihyperglycaemic agents rely on the 

beneficial effects of RAAS inhibition, as they reduce blood pressure, microalbuminuria, 

and the risk of cardiovascular (CV) mortality. Most commonly chosen agents used in 

monotherapy or combination are angiotensin-converting enzyme (ACE) inhibitors 

(ACEi) and angiotensin receptor 1 (ATR1) blockers (ARB). (66) However, they seem 

to be ineffective in stopping the progressive loss of residual renal function and disease 

progression to ESRD. (67) Monotherapy is often not sufficient to entirely stop RAAS 

activation. However, the combination of RAAS inhibitors (RAASi) might increase the 

risk of adverse events such as hyperkalaemia or acute kidney injury. (68) Other newly 

available treatment options in DKD are sodium-glucose cotransporter 2 (SGLT2) 
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inhibitors, as well as the non-steroidal mineralocorticoid receptor (MR) antagonist 

finerenone, and glucagon-like peptide-1 receptor agonist semaglutide. 

 

1.3. DM-associated cardiovascular disease 

CV complications in diabetic patients have a particularly high impact on the rapid 

ascending tendency of morbidity and mortality. Diabetic cardiomyopathy (DCM), 

which is independent of hypertension or coronary heart disease, is associated with about 

30% mortality. (69) Prolonged hyperglycaemia causes accelerated arterial stiffening. 

(70) Also, non-diabetes specific macroangiopathic complications such as atherosclerosis 

occur more frequently in T2DM. Still, CV diseases are prevalent in T1DM as well, 

especially in the presence of albuminuria, due to the microangiopathy of small 

intramural coronary arteries. (71, 72) 

DKD and CVD have a unique bidirectional relationship. DKD is related to cardiac 

overload, inducing cardiac hypertrophy and fibrosis, which aggravate the worsening of 

kidney function. On the other hand, CVD, like pre-existing chronic heart failure (HF), 

also increases the risk of CKD in diabetic patients (cardiorenal syndrome). (73) Their 

common mechanism involves metabolic disorder, microvascular disease, myocardial 

fibrosis, cardiac inflammation, and oxidative damage, but the specific pathophysiology 

is unclear. Definitive treatment options remain suboptimal and often empirical. Thus, 

novel treatments are needed. (74) (Figure 4.) 

 
Figure 4. Shared pathogenic features of diabetes and kidney disease leading to a higher 

risk of cardiovascular complications (RAAS= renin-angiotensin-aldosterone system) 
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1.3.1. Pathogenesis 

Endothelial cell dysfunction (ECD) plays a central role in the pathophysiology of both 

CV and renal complications of DM. (75) The pathologic metabolic environment with 

higher glucose levels decreases nitric oxide (NO) production. NO, besides being the 

most potent vasodilator, is responsible for TGFβ and CTGF downregulation, inhibition 

of collagen type I and III accumulation, stimulation of fibroblast growth factor 23 

(FGF23) production, and activation of MMPs. (76) Other pathophysiologic features of 

renal ECD, such as increased vascular permeability, result in clinical manifestations like 

micro- and macroalbuminuria. (77) 

In renal and cardiac vascular smooth muscle cells, chronic and uncontrolled 

hyperglycemia stimulates the production of fibrotic connective tissue elements like 

collagen or elastin, and their regulators such as CTGF. (78) Cardiac fibroblasts may also 

transform into myofibroblasts in response to certain pathological stimuli, such as 

mechanical stretch and neurohormonal disturbances. Their activation, characterised by 

excessive αSMA production and deposition, leads to myocardial fibrosis and adversely 

affects cardiac structure and function. (79) Furthermore, the monocyte infiltration in the 

vascular wall increases the risk of atherosclerosis. (80) 

The atherosclerotic process occurs in the first two layers of the artery wall (tunica 

intima and tunica media), resulting in increased intima-media thickness (IMT). 

Increased IMT reflects the accumulation of foam cells and the migration and 

proliferation of smooth muscle cells. (81) Aortic IMT changes progressively with DM 

duration, indicating its potential as an evolving early biomarker of atherosclerosis. (82) 

As another CVD indicator in DM, the stiffness of large elastic arteries is a significant 

determinant of systolic blood pressure, left ventricular load, oxygen requirements, and 

pulsatile stress on arterial walls. Stiffening of the aorta increases cardiac workload and 

reduces coronary flow, leading to left ventricular hypertrophy, coronary ischemia, and 

HF. (83) 

In developing CV complications in DM, hyperglycemia-activated RAAS is essential in 

controlling arterial pressure, tissue perfusion, and extracellular volume. (84) The 

increased endothelial angiotensin II (Ang II) and aldosterone activity induce cardiac cell 

hypertrophy, vascular proliferation and deposition of ECM proteins. This plays a non-
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negligible regulatory role in the formation of myocardial hypertrophy, inflammation and 

interstitial fibrosis, leading to superimposed progression of the diseases. (85) 

1.3.2. Diagnosis and prognosis 

Early identification of CV dysfunction and efficient disease progression prevention are 

crucial to improving the expectancy and quality of life of diabetic patients. T1DM and 

T2DM have a similar impact on CV mortality; however, T1DM patients lose more life-

years due to CV complications. (86)  

IMT is considered a non-invasive surrogate marker of asymptomatic or subclinical 

atherosclerosis. Its measurement is recommended for macrovascular risk identification 

for DKD patients as it allows biologically relevant quantification of disease progression 

and response to treatment. (87)  

Increased aortic stiffness is an independent risk factor for CV morbidity and mortality, 

and its assessment provides a summative measure of vascular health. (88) Pulse wave 

velocity (PWV) is suitable for evaluating and following the condition of the vascular 

system, as the pulse wave travels more slowly in elastic vessels than in sclerotic, rigid 

arteries. Carotid–femoral PWV is considered the gold standard, non-invasive method 

for measuring central arterial stiffness; a 1 m/s increment in PWV corresponds to a 15% 

increased risk of CV events and mortality. (89)  

Besides Troponin I and B-type natriuretic peptide (BNP), other serum markers would be 

needed for the early detection and to monitor the prognosis of CVD. Klotho is a new 

sensitive and specific cardioprotective marker for CVD and CKD. Klotho proteins are 

mainly produced in the kidney and form a unique endocrine system that prevents the 

effects of ageing, oxidative stress, inflammation and fibrosis on the heart and kidney, 

and reduces the burden of CVD and DKD. (90, 91) Another promising biomarker is 

FGF23, a key hormone in phosphate homeostasis regulation. Its increased level presents 

a remarkable correlation with kidney dysfunction and mortality in CKD, and CVD as 

well. (92) 

1.3.3. Treatment 

Hypertension management is of crucial importance in reducing CV complications in 

DKD. Generally, the recommended on-treatment target blood pressure goal is <130/80 
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mmHg, if it can be safely attained, considering the anticipated benefits and risks for 

individual patients. Above 65 years of age, the targeted systolic blood pressure is 

between 130-139 Hgmm. (93) 

For T2DM patients with CKD, CVD, or HF, SGLT2 inhibitors are recommended to 

reduce the risk of adverse CV events. However, for T1DM patients, SGLT2 inhibitors 

are not recommended because of the possible risk of ketoacidosis. (94)  

ACEi and ARBs also reduce the risk of CV events in diabetic patients, even without 

previous CVD history. (95) MR antagonists also effectively treat hypertension with 

additional CV benefits, as well as the novel non-steroidal MR antagonist finerenone is 

recommended in DKD with HF. (96) However, RAASi are recommended for diabetic 

patients only when macrovascular complications with hypertension, albuminuria, HF, or 

DKD are present. (97)   

 

1.4. DKD-associated depression 

Among diabetic patients, depression worsens the progression of multiorgan 

complications. (98) Although it occurs often, DKD-associated depression commonly 

remains unnoticed, and patients do not receive proper treatment. (99) Mood disorders as 

comorbidities worsen compliance, quality of life and increase mortality. (100) 

Depressed patients are more likely to perform risky behaviour such as smoking, 

decreased physical activity or unhealthy eating. (101, 102) In the presence of 

depression, DM is harder to control, carbohydrate metabolism imbalance worsens, the 

number of complications increases, and the risk of suicide events grows. (103, 104) 

Besides these factors, common molecular pathways link these pathologies. Recent 

studies suggest the role of immunological processes, oxidative stress, endocrine and 

neurobiological factors or cerebral structural alterations. (105) 

1.4.1. Prevalence 

Depression has the highest risk for developing DM among all psychiatric disorders, 

increasing the likelihood of DM by 40%. (106) Several analyses proved the association 

in the other direction by showing that the prevalence of depressive symptoms is twice as 
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high in diabetic patients compared to the non-diabetic population. (107) DM-associated 

depression is more common and more severe in women than in men. (108) 

Depression is the most common psychiatric problem among ESRD patients. The form 

of renal replacement therapy determines a variance in its pervasiveness; among 

haemodialysed patients it is around 25%, (109) while in peritoneally dialysed patients it 

is around 10%. (110) Kidney transplanted patients are in the middle with 20%. (111) 

1.4.2. Diagnosis and treatment 

Clinical depression is characterized by behavioural, somatic and vegetative symptoms. 

Major depression is diagnosed, if at least five of the following symptoms is present for 

at least two weeks: depressed mood, diminished interest, significant change in weight or 

appetite, slowed down thinking and reduction of physical movement, fatigue, feeling 

worthless or guilty, diminished ability to concentrate, recurrent thoughts of death. (112) 

The questionnaires most often used for screening are the Beck depression inventory and 

Zung self-rating depression scales. (113, 114) 

Current common medications are tri- and tetracyclic antidepressants, monoamine-

oxidase inhibitors, selective serotonin reuptake inhibitors, and serotonin-norepinephrine 

reuptake inhibitors. (115) Many patients need multiple medication trials for remission, 

which is successful in only about 30% of the cases. (116) The therapeutic non-

adherence is worsened due to the side effects of the antidepressants (anxiety, insomnia, 

fatigue, blood pressure changes, sexual dysfunction). (117) Other supportive methods, 

such as psychotherapy, are essential for complete complex management. (118) 

1.4.3. Common pathophysiology of DKD and depression 

By investigating DM- and DKD-associated depression, multiple shared bidirectional 

pathophysiological processes were observed. (119) Common neuroendocrine, oxidative, 

and inflammatory pathways and neurotrophins, especially brain-derived neurotrophic 

factor (BDNF), are essential. Since the full description of these factors is beyond the 

scope of this dissertation, only the most critical information will be summarized. 

The over-activation of the hypothalamic-pituitary-adrenal axis can explain the 

endocrine link between DKD and depression. In DM, negative feedback of adrenal 

glucocorticoids through MR is damaged, (120) whereas depression is also associated 
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with higher serum cortisol and corticotropin-releasing hormone levels. (121, 122) The 

lack of insulin also leads to neurocognitive damage and depression-like symptoms by 

hindering neuroplasticity in insulin-sensitive regions such as the hippocampus, 

hypothalamus or amygdala. (123) Conversely, disturbances in amino acid metabolism 

result in lower tryptophan levels in the central nervous system, holding back serotonin 

synthesis. (124)  

1.4.3.1. Inflammation theory 

In the pathophysiological process of both depression and DM, several common 

inflammatory cytokines and transcription factors were identified. (125) Interleukin 1 

(IL-1), IL-6, and tumour necrosis factor alpha (TNFα) levels rise in parallel with 

pancreas β islet cell death, whereas hyperglycaemia further facilitates the production of 

these cytokines. (126) The inflammatory mediators protrude into the central nervous 

system, causing depression-like symptoms. (127) Depression provokes a subclinical 

systemic inflammatory response, contributing to β-cell damage and insulin resistance. 

(128) Obesity is common in both diseases, where high levels of adipokines and NFκB 

augment a multisystemic inflammation. (129)  

1.4.3.2. Brain-derived neurotrophic factor (BDNF) 

Neuroinflammation and glial activation-induced pathophysiological changes contribute 

to both DM and neuropsychiatric diseases. (130, 131) Based on the similarities in 

neurostructural changes in DM and depression, the role of neurotrophins comes into 

question. (132) This protein family regulates differentiation and survival of neurons, 

resulting in impaired synaptic plasticity and neuronal survival in inflammation. (133) In 

depression, the level of BDNF and its receptor, the tyrosine receptor kinase B (TrkB), is 

lower in the hippocampal and prefrontal regions. (134) BDNF is mainly localised in the 

central nervous system but has also been identified in endothelial cells of other 

peripheral organs. (135) Besides being a neurotrophin, it has immuno- and 

metabotrophic functions. Lower BDNF levels are connected to insulin resistance, 

worsened glucose metabolism and higher blood sugar. (136)  

BDNF is synthesised as a precursor form (proBDNF), which binds to p75 neurotrophin 

receptor (p75Ntr) and activates apoptosis and long-term synaptic depression through 

NFκB and phospho-c-Jun N-terminal kinase (pJNK) pathways. (137) However, after a 
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proteolytic cleavage by furin, plasmin, MMP3 or MMP7, the mature BDNF (mBDNF) 

form activates TrkB, causing cell survival and long-term synaptic potentiation through 

phospho-extracellular signal-regulated kinase (pERK) and phospho-cAMP response 

element-binding protein (pCREB) pathways. (138) Therefore, the two isoforms have 

biologically distinct physiological features. (139) 

 

1.5. Renin-angiotensin-aldosterone system (RAAS) 

Since modulating the RAAS system in different DM-associated pathologies is my 

dissertation's main topic, its systemic and local pathomechanism will be described in 

more detail in the following chapter. 

The RAAS hormonal cascade is initiated when renin is synthetized from prorenin in the 

kidney’s juxtaglomerular apparatus. (140) As a proteolytic enzyme, it cleaves liver-

produced angiotensinogen to Ang I. Further conversion to biologically active, potent 

vasoconstrictor peptide, Ang II, is made by ACE, mainly on the surface of pulmonary 

endothelial and renal epithelial cells. ACE also facilitates degradation of the vasodilator 

peptide bradykinin, which increases systemic vascular tone. (141)  

The other homologous form, ACE2, has been identified mainly in the kidney and heart. 

It does not bind to bradykinin, but hydrolyses Ang I to Ang 1-9 and Ang II to Ang 1-7. 

These end products have opposing actions to Ang II, by promoting apoptosis and 

vasodilation. Consequently, as a natural counter-regulator, ACE2 prevents over-

activation of Ang II and serves as an endogenous inhibitor of RAAS. (142) 

Ang II is a pleiotropic hormone regulating extracellular fluid homeostasis. It has a direct 

vasoconstrictor effect in precapillary arteries. In the zona glomerulosa of the adrenal 

cortex, Ang II stimulates aldosterone secretion, which is responsible for renal sodium 

reabsorption. Ang II also regulates human and rat aortic vascular smooth muscle cells’ 

function and survival. (143, 144) 

Ang II can act through two different receptors. ATR1 activation facilitates tubular 

sodium reuptake, potassium excretion, water intake, vasopressin secretion, increased 

sympathetic activity, vasoconstriction, and increased blood pressure; it is also involved 

in inflammation and fibrotic processes. ATR2 generally opposes ATR1-mediated 
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actions, promotes vasodilation, and has a role in anti-proliferative and anti-

inflammatory processes. (145) (Figure 5.) 

 

Figure 5.  Summary of classical systemic renin-angiotensin-aldosterone system (ACE = 

angiotensin-converting enzyme, ATR = angiotensin receptor) 

1.5.1. Classical and local RAAS 

The classical version of RAAS is the systemic, circulating hormonal cascade. It 

regulates numerous physiological functions such as salt and water homeostasis, 

endovascular fluid volume, blood pressure, cardiac output, vasoconstriction and 

vascular wall integrity. Insulin resistance and hyperglycaemia are known to result in 

RAAS overactivation, and the role of Ang II, ATR1, and aldosterone is especially 

pivotal. (146) The resulting changes mainly concern the skeletal muscles, liver, heart, 

vessels, and kidneys. Higher circulating RAAS levels, impaired insulin signalling 

pathway, and ECD contribute to atherosclerosis and increased blood pressure. (147)  
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The local (non-classic) RAAS is regulated independently from the circulating systemic 

hormones. It can be found in the kidney, adrenal cortex, heart, brain, vessels, lungs, and 

adipose tissue. (148, 149)  

1.5.2. Local RAAS in the brain 

Two independent local RAAS cascades communicate with each other in the brain. The 

endogenous system occurs within the blood-brain barrier inside neurons and the 

synaptic cleft. (Figure 6. A) The other cascade mediates the effects of peripheral Ang II 

through circumventricular organs and cerebrovascular endothelial cells. (150) 

Endogenous renin is produced predominantly in hypothalamus and pituitary gland, 

whereas astrocytes and glial cells synthetize angiotensinogen. (151) The principal 

effector of local cerebral RAAS is Ang II, generated in the hippocampus, hypothalamus, 

hypophysis, and amygdala. By extracellular Ang II, neurohormonal functions dominate, 

whereas neurons can convert angiotensinogen to Ang II and use it as neuro- or co-

transmitter. (152) A small amount of aldosterone can pass the blood-brain barrier and 

bind to MR in the nucleus tractus solitarii and the ventromedial nucleus of the 

hypothalamus. (153) 

Local cerebral RAAS is pivotal in regulating blood pressure, body temperature 

homeostasis, and locomotor activity. Furthermore, it is crucial in memory formation, 

behavioural and learning processes. (154, 155) Over-activation of local cerebral RAAS 

contributes to certain neurological disorders such as Alzheimer’s disease or depression. 

(156) 

1.5.3. Local RAAS in the heart 

Classical RAAS plays a role in hemodynamics and tissue remodeling associated with 

cardiomyocyte- and ECD in the heart, leading to progressive functional impairment. 

(Figure 6. B) With involvement of natriuretic peptides, local RAAS can predispose the 

onset of HF through different mechanisms involving inflammation, cardiac remodelling, 

and accumulation of epicardial adipose tissue. (157) Ang II receptors and the 

intracardiac aldosterone system stimulate cardiac fibroblasts and increase the volume of 

collagen fraction in the ventricles. (158) Increased level of FGF23 also stimulates local 

cardiac RAAS, inducing myocardial fibrosis and hypertrophy. (159)  
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1.5.4. Local RAAS in the kidney 

Renal local RAAS is regulated partly independently of the systemic hormones. All 

components of RAAS are expressed in the kidney, allowing for endogenous Ang II 

generation. (160) (Figure 6. C) Local renal concentration of renin and Ang II is much 

higher than the systemic levels. (161) Angiotensinogen is also found in renal proximal 

tubules besides systemic renin production. Ang I can be formed and converted to Ang II 

on the brush border of proximal tubular cells. (162)  

In DKD, hyperglycaemia stimulates local renal RAAS activation. In the early phase, 

this means selective renin expression increment, then angiotensinogen and Ang II 

facilitate each other’s expression, resulting in a vicious cycle. (163, 164) ATR1 is 

expressed on the tubular epithelial, vascular endothelial, smooth muscle, and interstitial 

cell membranes. High Ang II level through this receptor leads to increased vascular 

resistance, higher blood pressure, decreased renal blood flow and filtration, epithelial 

cell hypertrophy, mesangial cell contraction and ECM expansion. (165) These, together 

with Ang II-dependent aldosterone release, eventually induce the production of 

inflammatory cytokines and growth factors, leading to fibroblast activation, 

tubulointerstitial inflammation and fibrosis. (166) 
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Figure 6. (A) Local brain, (B) local cardiac, and (C) local renal renin-angiotensin-

aldosterone system (ACE = angiotensin-converting enzyme, ATR1 = angiotensin receptor 

1, MR = mineralocorticoid receptor)  
 

All these literature data and our previous studies suggest that the whole complex of 

different processes, including glucotoxicity, increased oxidative stress and activated 

inflammatory pathways, hypoxia and many more, contribute to the development of DM-

associated multiorgan damage.  

Among these processes, the modulation of the RAAS system as a potential therapeutic 

target has been investigated in different in vitro and in vivo models during my PhD 

studies. We aimed to explore underlying mechanisms of the pleiotropic protective effect 

of RAASi on the development of diabetic multiorgan complications, including renal, 

cerebral and cardiac damage.   
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2. Objectives 

Our specific aims are summarized in Figure 7. The presented studies assess the changes 

in specific target organs and explore the protective effect of RAASi treatment against 

T1DM-induced complications and their underlying mechanisms. 

To fulfil these aims, we have set the following specific objectives: 

1. To investigate in vitro how RAASi influence glucose-induced and profibrotic changes 

in human proximal tubular and rat kidney fibroblast cells 

2. To determine the renoprotective and antifibrotic effect of RAASi in a rat model of 

T1DM 

3. To test the effect of lyophilisation on the reproducibility in fibrotic tissue sample 

processing 

4. To analyse the beneficial effects of RAASi on diabetic vascular impairment, cardiac 

tissue damage, fibrosis, hypoxic and inflammatory damage in T1DM rat hearts 

5. To evaluate the protective potential of RAASi on T1DM-induced neuroinflammation 

and central BDNF pathway alterations in rat hippocampi 

 
Figure 7. Summarized study objectives: effect of renin-angiotensin-aldosterone system 

(RAAS) inhibition on multiorgan complications of diabetic kidney disease (DKD) (BDNF 

= brain-derived neurotrophic factor, TGFβ = transforming growth factor β, PDGF = 

platelet-derived growth factor, CTGF = connective tissue growth factor) 
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3. Methods 

All chemicals and reagents were purchased from Sigma-Aldrich (Darmstadt, Germany), 

and all standard plastic laboratory equipment was purchased from Sarstedt (Nümbrecht, 

Germany) unless stated otherwise. 

3.1. In vitro experiments 

3.1.1. Experimental design and cell culture 

Human kidney 2 (HK-2) proximal tubular epithelial cells (LGC Standards, American 

Type Culture Collection, Manassas, VA, USA) were grown in DMEM containing 5.5 

mM D-glucose (Gibco, Life Technologies, Carlsbad, CA, USA) supplemented with 10 

% foetal bovine serum (FBS) (Gibco, Life Technologies), 1 % L-glutamine, and 1 % 

antibiotic-antimycotic solution (10,000 IU/mL penicillin, 10 mg/mL streptomycin, 25 

mg/mL Amphotericin B (Thermo Fisher Scientific, Waltham, MA, USA)). Cells were 

incubated at 37 °C in 95% humidified air with 5 % CO2. Before treatments, cells were 

detached with 0.25% trypsin-EDTA (Gibco, Life Technologies) and plated in 6-well 

plates (5×105 cells/well), where a growth arrest period was induced for 24 hours in 

FBS-free medium in all experiments. Three sets of experiments were performed. 

HK‐2 cells were kept under standard (control; 5.5 mM) or high glucose (HG; 35 mM) 

conditions for 24 or 48 hours. To differentiate between the direct glucotoxic and the 

osmotic effect of HG, HK‐2 cells were cultured in isosmotic control mannitol (5.5 mM 

glucose + 29.5 mM mannitol) containing media as well. HG groups were treated with 

either 10 μM ramipril (HG + Ramipril), 10 μM losartan (HG + Losartan), or 10 μM 

eplerenone (HG + Eplerenone). Drug doses were adopted from the literature. (167, 168)  

Normal rat kidney fibroblast (NRK-49F) cells were grown in DMEM containing 25 

mM D-glucose supplemented with the same additional ingredients as HK-2 cells, and 

identical incubation and growth arrest protocols were applied. NRK‐49F cells were 

treated with PDGF (10 ng/mL) or CTGF (10 ng/mL) and with various RAASi as 

described above. (Figure 8.) 

Control cells were treated with vehicle (dimethyl sulfoxide) alone (n = 6 wells/group). 

Cells were subsequently incubated at 5 % CO2 and 37 °C, detached with 0.25 % trypsin‐

EDTA and RNA and protein were isolated with the same buffers as tissue homogenates. 
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Figure 8. Study design and experimental protocol for in vitro experiments (PDGF = 

platelet-derived growth factor, CTGF = connective tissue growth factor, RAAS = renin-

angiotensin-aldosterone system) 

 

3.1.2. Cell viability and proliferation assays 

Before the experiments, the non-toxic properties of RAASi doses were confirmed by 

cell viability assays. Cell viability was determined using a methyl-thiazolyl-tetrazolium 

(MTT) assay (Roche Diagnostics, Mannheim, Germany) according to the 

manufacturer’s instructions. Cells were detached with 0.25 % trypsin-EDTA by trypan 

blue exclusion and resuspended in medium diluted 1:1 with trypan blue solution. Live 

cells from triplicate wells were counted in a Bürker chamber. 

In pilot studies, the most effective proliferative doses of PDGF and CTGF on NRK-49F 

cells were determined for different concentration series by proliferative assays. 

3.1.3. Immunocytochemistry 

For immunocytochemical examination, NRK‐49F cells were cultured in tissue culture 

chambers. After repeated washes with phosphate-buffered saline, cells were fixed in 4% 

buffered formalin, rewashed, and permeabilised with Triton X‐100. After blocking with 

5 % bovine serum albumin (BSA), samples were incubated for 2 hours with specific 

anti‐PDGFR‐β (#sc-432, Santa Cruz Biotechnology, Dallas, TX, USA) primary 

antibody diluted 1:100. After repeated washes, slides were incubated with specific goat 

anti‐rabbit Alexa fluor 568 (#A-11036, Thermo Fisher Scientific, Waltham, MA, USA) 

secondary antibody diluted 1:100. F‐actin was immunostained by incubation with 

phalloidin‐TRITC diluted 1:300 for 1 hour at room temperature. Samples were washed 
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and nuclei were counterstained with Hoechst 33342 (#4082S, Cell Signaling 

Technology, Danvers, MA, USA) diluted 1:1000. Appropriate controls were prepared 

omitting the primary antibody to assure specificity and to avoid autofluorescence. After 

drying, sections were fixed with Vectashield Mounting Medium (Vector Laboratories, 

Burlingame, CA, USA). Coverslipped slides were analysed with a Zeiss LSM 510 Meta 

Image Examiner confocal laser scanning microscope (Carl Zeiss, Oberkochen, 

Germany) with 63× or 100× magnification objectives or, for phalloidin‐stained slides, 

with an Olympus IX81 fluorescence microscope (Olympus Europa, Hamburg, 

Germany) at 100× magnification. 

 

3.2. In vivo experiments 

All animal procedures and handling were approved by the Committee on the Care and 

Use of Laboratory Animals of the Council on Animal Care at Semmelweis University, 

Budapest, Hungary (PEI/001/380-4/2013). All experiments were conducted following 

international ethical principles and regulations. Power analysis before the in vivo 

experiments determined the minimal required animal numbers. 

3.2.1. Experimental design and animal model 

Eight-week-old, male Wistar rats (Rattus norvegicus) weighing 200 ± 10 g were 

purchased from “Toxi-Coop” Toxicological Research Centre (Dunakeszi, Hungary) and 

housed in groups of three in plastic cages under a 12-hour dark/light cycle at constant 

temperature (24 ± 2 °C) and humidity (55 %) with ad libitum access to standard rodent 

chow and drinking water.  

T1DM was induced chemically, with a single intraperitoneal injection of 65 mg/bwkg 

streptozotocin (STZ), dissolved in 0.1 M citrate buffer (pH 4.5). After overnight fasting, 

blood glucose level was measured three times from the tail vein with a Dcont IDEAL 

device (77 Elektronika, Budapest, Hungary). Rats were considered diabetic and enrolled 

in the study if their peripheral blood glucose value was above 15 mmol/L 72 hours after 

the STZ injection and remained elevated.  

Five weeks after the onset of DM, rats were randomized into four groups considering 

equal average blood glucose values (n = 7 animals/group) and were treated daily for 2 

weeks per os by oral gavage either with: (i) isotonic saline as vehicle (D); or (ii) ACEi 
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ramipril (D + Ramipril, 10 µg/bwkg/day); or (iii) ARB losartan (D + Losartan, 20 

mg/bwkg/day); or (iv) MR antagonist eplerenone (D + Eplerenone, 50 mg/bwkg/day). 

(Figure 9.) The RAASi drug doses were adopted from our previous experiments in line 

with the literature, where effective blockade of RAAS was reached without changes in 

systemic blood pressure. (169-172)  

Non-diabetic, age- and body weight-matched healthy animals (Control; n = 7 

animals/group) received an equivalent volume of citrate buffer without STZ once, and 

the same amount of saline by oral gavage daily, at the same time as the diabetic animals 

throughout the 2-week treatment period.  

 

Figure 9. Study design and experimental protocol for the in vivo experiments (T1DM = 

type 1 diabetes mellitus, RAAS = renin-angiotensin-aldosterone system) 

 

Diabetic rats did not receive insulin treatment. Therefore, their physical state gradually 

decreased in parallel with the metabolic changes. The general well-being of the animals 

was monitored daily, and those whose pain signals elevated significantly were 

anaesthetised. At the end of the experimental protocol, rats were placed into metabolic 

cages to collect urine for 24 hours. Based on protein excretion rates, in this experimental 

model, animals show signs of chronic renal damage after 5 weeks of untreated DM. 

Lastly, at 7 weeks of the experimental period, rats were anaesthetized by a mixture of 

60 mg/bwkg ketamine (Richter Gedeon, Budapest, Hungary) and 5 mg/bwkg xylazine 

(Medicus Partner, Biatorbagy, Hungary) administered intraperitoneally and sacrificed 

by terminal blood drawn from the abdominal aorta. Blood, urine, kidney, heart, aorta, 
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and hippocampal samples were collected, immediately snap-frozen or placed in 

formalin and stored for further investigations. 

3.2.2. Measurement of arterial blood pressure and pulse wave velocity 

After two weeks of treatment, PWV and blood pressure measurements were taken under 

isoflurane anaesthesia (4% inducing concentration then 1.5% for maintenance) on a 37 

°C heating pad. A CODA tail cuff standard monitor system (EMKA Technologies, 

Paris, France), which uses clinically validated proprietary volume pressure recording 

technology (173), was used to non-invasively measure systolic and diastolic blood 

pressure in the tail vein. Mean arterial pressure (MAP) was calculated from these 

values. Non-invasive PWV registration was carried out using PulsePenLab (DiaTecne, 

Milan, Italy) applanation tonometry device while recording an electrocardiogram. Pulse 

waves were detected simultaneously over the carotid and femoral arteries on the same 

side. The time difference between the two waves was divided by 80 % of the direct 

carotid-femoral surface distance, measured with a high-precision digital calliper. (174)  

3.2.3. Metabolic and renal function parameters 

Blood and urine samples were centrifuged for 6 minutes at 3600 rpm. Serum metabolic 

(glucose, fructosamine, total cholesterol) and renal (blood urea nitrogen, serum 

creatinine, and creatinine from urine collected for 24 hours in metabolic cage) 

parameters were determined photometrically with commercially available kits on a 

Hitachi 912 chemistry analyser (Roche, Basel, Switzerland). Creatinine clearance was 

calculated using the formula: (urine creatinine x urine volume/serum creatinine) / urine 

collection time minutes/bodyweight. 

3.2.4. Enzyme-linked immunosorbent assay (ELISA) 

Collected rat blood samples were centrifuged at 3600 rpm for 6 minutes and separated 

serum samples were diluted to 1:10. Serum Cardiac Troponin I and Klotho levels were 

measured by using commercially available rat-specific sandwich ELISA kits (Abcam, 

Cambridge, UK and ABclonal, Woburn, MA, USA, respectively), following the 

manufacturer’s protocols. Concentration was calculated based on absorbance 

measurement at 450 nm with wavelength correction at 650 nm using SPECTROstar 

Nano microplate reader (BMG Labtech, Ortenberg, Germany). 
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3.2.5. Histology  

Kidney, left ventricular muscle, and aorta sections were dissected, fixed in 4 % buffered 

formalin, dehydrated in a graded series of alcohols, and embedded in paraffin. 5 µm-

thick sections were cut and deparaffinized in xylene, rehydrated and mounted on coated 

glass microscope slides. On specific stained sections, images were taken with an 

AxioImager A1 light microscope (Zeiss, Jena, Germany) and histological examination 

was performed under ×200 magnification using Panoramic Viewer software version 

1.15.2. (3DHISTECH, Budapest, Hungary). Analysis was performed double-blinded 

with computer-assisted morphometry using ImageJ software version 1.5 (National 

Institutes of Health, Bethesda, MD, USA). 

Picrosirius red staining was performed on the kidney cortex and left ventricular muscle 

to evaluate fibrosis. Ten areas from each kidney cortex and heart left ventricular muscle 

cross-section were randomly selected, and the specific stained fibrotic area was 

measured. The number of pixels containing stained fibrotic tissue was divided by the 

total number of pixels in the area to obtain the percentage of fibrosis and collagen 

deposition.   

For IMT measurement, aorta sections were immersed in 1 % orcein at 60 ºC for 30 min, 

followed by differentiation in acid-alcohol (1:99 hydrochloric acid and 70 % ethanol) 

for 10 seconds to remove the dye excess, and then washed with distilled water. Orcein-

stained elastic fibres made IMT measurement possible on cross sections of each aorta, 

and the mean value of ten measurements was calculated. 

Masson’s trichrome staining was performed to evaluate the fibrosis of the media layer. 

The specifically stained interstitial areas were measured within the intima-media layer 

of each aorta cross‐section. The number of pixels containing blue-stained fibrotic tissue 

was divided by the number of other pixels in the area to obtain the ratio of medial 

fibrosis. 

3.2.6. Lyophilisation 

Collected kidney and heart tissue samples were stored at -80 °C in 2 ml Eppendorf 

tubes, and optimally arranged to approach the most significant surface exposure for 

lyophilisation. Freeze-drying was performed with the ScanVac CoolSafe Touch 

Superior device (LaboGene A/S, Allerod, Denmark). Tubes remained open through the 
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whole process. After one hour pre-freezing at -40 °C, pressure was lowered to 0.07 hPa, 

then primary drying consisted of six 2-hour steps at 0.22 hPa with gradually increasing 

temperature up to 30 °C; secondary drying was carried out on 0.1 hPa at 40 °C for 3 

hours. Dried tissue products were manually smashed with 20-Gauge needles and 

pulverized with 5 mm stainless steel balls using TissueLyser LT (Qiagen GmbH, 

Hilden, Germany). Powdered dry tissue samples were stored at 4 °C until further 

processing and measurements. 

3.3. Measurement of extracellular matrix formation and degradation biomarkers 

C3M, PRO‐C3 (measuring type III collagen formation) and TUM biomarkers were 

measured in rat urine samples. FBN‐C (measuring C‐terminal of fibronectin turnover) 

and PRO‐C4 (measuring type IV collagen formation) were measured in HK‐2 and 

NRK‐49F cells’ supernatant samples. For both, competitive ELISA kits were developed 

by Nordic Bioscience (Herlev, Denmark). Urinary biomarker levels were divided by 

urinary creatinine levels measured with the QuantiChromTM Creatinine kit (BioAssay 

Systems, Hayward, CA, USA) to normalize for urine output. The assays were 

accomplished at Nordic Bioscience Laboratories following previously described 

protocols. (61, 62, 175-177) Briefly, streptavidin‐precoated 96‐well ELISA plates 

(Roche, Basel, Switzerland) were incubated with 100 μL biotinylated peptide for 30 

minutes. Plates were washed five times with washing buffer, and then incubated with 20 

μL standard peptide or sample together with HRP‐conjugated monoclonal antibody for 

20 hours at 4 °C (C3M, PRO‐C3, FBN‐C) or 1 hour at 20 °C (TUM, PRO‐C4). 

Repeated washing steps were followed by incubation with 100 μL 3,3ʹ,5,5‐

tetramethylbenzidine (Kem‐En‐Tec, Taastrup, Denmark) for 15 minutes in the dark. 

The reaction was stopped by adding 1% sulfuric acid solution, and density values were 

measured with an ELISA reader at 450 nm, with 650 nm as reference (VersaMax, 

Molecular Devices, CA, USA). 

3.4. Quantitative real-time reverse transcript polymerase chain reaction 

Total RNA was extracted from HK-2 and NRK-49F cells, rat kidney, heart, and 

hippocampal samples using the Total RNA isolation Mini Kit (Geneaid Biotech, New 

Taipei City, Taiwan). The quality and quantity of isolated RNA were measured with a 

NanoDrop ND-1000 spectrophotometer (Baylor College of Medicine, Houston, TX, 

USA). 250 ng of RNA was reverse-transcribed using Maxima First Strand cDNA 
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Synthesis Kit for RT-qPCR (Thermo Fisher Scientific, Waltham, MA, USA). Specific 

mRNA expressions of interest were determined in duplicates from 1 µL cDNA samples 

obtained by qPCR using SYBR Green I Master enzyme mix (Roche Diagnostics, 

Mannheim, Germany) and 10 pmol/µL of each specific primer (Invitrogen, Budapest, 

Hungary), following sequences designed based on nucleotide sequences from National 

Center for Biotechnology Information’s nucleotide database (For primer sequences and 

details see Table 1). Results were analysed by LightCycler 480 software version 1.5.0 

(Roche Diagnostics, Mannheim, Germany). The mRNA expressions of interest were 

normalised to the mRNA expression of the 18S ribosomal RNA housekeeping gene 

from the same samples as a reference transcript. 

Table 1. Sequences of primer pairs for RT-qPCR 

Gene 

name 

Regular 

name 
NCBI ID Primer pairs 

Product 

length 

TGFB1 
human 

TGFβ1 
NM_ 000660.7 

Forward: 5ʹ‐GCG TGC GGC AGC 

TGT ACA TTG ACT‐3ʹ 174 bp 

Reverse: 5ʹ‐CGA AGG CGC CCG 

GGT TAT GC‐3ʹ 

PDGFB 
human 

PDGFB 
NM_ 002608.4 

Forward: 5ʹ‐AGA TGG GGC CGA 

GTT GGA CCT GAA‐3ʹ 163 bp 

Reverse: 5ʹ‐GCG CCG GGA GAT 

CTC GAA CAC CT‐3ʹ 

CCN2 
human 

CTGF 
NM_ 001901.3 

Forward: 5ʹ‐GTC CAC CCG GGT 

TAC CAA TGA CAA‐3ʹ 228 bp 

Reverse: 5ʹ‐CAG GAT CGG CCG 

TCG GTA CAT ACT‐3ʹ 

RN18S 

human 18S 

ribosomal 

RNA 

NM_ 003286.4 

Forward: 5ʹ‐GGC GGC GAC GAC 

CCA TTC‐3ʹ 136 bp 

Reverse: 5'-TGG ATG TGG TAG 

CCG TTT CTC AGG-3' 

Pcna rat PCNA NM_022381.3 

Forward: 5'-AGG GCT GAA GAT 

AAT GCT GAT ACC-3' 238 bp 

Reverse: 5'-AAA ACT TCA CCC 

CGT CCT TTG-3' 

Mki67 rat Ki67 
NM_00127136

6.1 

Forward: 5'-GCC CAT TAG CAG 

TTG GCA AAA-3' 72 bp 

Reverse: 5'-GGG TTC TAA CTG 

GTC TTC CTG G-3' 

Acta2 rat αSMA NM_031004.2 

Forward: 5'-GAG CGT GGC TAT 

TCC TTC GTG-3' 106 bp 

Reverse: 5'-CAG TGG CCA TCT 

CAT TTT CAA AGT-3' 
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Nppb rat BNP NM_031545.1 

Forward: 5′-CAG CTC TCA AAG 

GAC CAA GG-3′ 192 bp 

Reverse: 5′-CTA AAA CAA CCT 

CAG CCC GT-3′ 

Pdgfb rat PDGF NM_031524.1 

Forward: 5'-TCG ATC GCA CCA 

ATG CCA ACT TCC-3' 236 bp 

Reverse: 5'-CAC GGG CCG AGG 

GGT CAC TAC TGT-3' 

Ccn2 rat CTGF NM_022266.2 

Forward: 
5'-TCC ACC CGG GTT 

ACC AAT GAC AAT 

AC-3' 195 bp 

Reverse: 5'-TTC CTT ATT GGG 

GTC AGC AC-3' 

Il6 rat IL-6 NM_012589.2 

Forward: 5'-GCC ACT GCC TTC 

CCT ACT TC-3' 153 bp 

Reverse: 5'-GCC ATT GCA CAA 

CTC TTT TCT C-3' 

Tnf rat TNF NM_012675.3 

Forward: 5'-GGG GCC ACC ACG 

CTC TTC TGT-3' 180 bp 

Reverse: 5'-CTC CGC TTG GTG 

GTT TGC TAC GAC-3' 

Hspa1b rat HSP72 NM_031971.2 

Forward: 5'-GGC TGA GAA AGA  

GGA GTT CG-3' 216 bp 

Reverse: 5'-CCA CCC ATC TGT 

CTC CTA GA-3' 

Il1a rat IL-1α NM_017019.1 

Forward: 5'-TCT GCC ATT GAC 

CAT CTG TCT CTG-3' 152 bp 

Reverse: 5'-ACC ACC CGG CTC 

TCC TTG AA-3' 

Rn18s 

rat 18S 

ribosomal 

RNA 

NM_046237.1 

Forward: 5'-GCG GTC GGC GTC 

CCC CAA CTT CTT-3' 105 bp 

Reverse: 5'-GCG CGT GCA GCC 

CCG GAC ATC TA-3' 

3.5. Western blot analysis 

For Western blot analysis, all reagents and equipment were obtained from Bio-Rad 

Laboratories (Hercules, CA, USA) unless stated otherwise. Total protein was extracted 

from homogenised HK-2 and NRK-49F cells, rat kidney, heart, and hippocampi 

samples at 4°C in lysis buffer (1 M Tris, 0.5 M EGTA, 1 % Triton X-100, 0.25 M NaF, 

0.5 M phenylmethylsulfonyl fluoride, 0.5 M sodium orthovanadate, 5 mg/mL leupeptin, 

and 1.7 mg/mL aprotinin, pH 7.4) using TissueLyser LT (Qiagen, Hilden, Germany) 

homogenisator. For the measurement of O-GlcNAc, 40 μM O-(2-acetamido-2-deoxy-d-

glucopyranosylidene)-amino-N-phenyl-carbamate (Sigma-Aldrich) was added to lysates 
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to inhibit OGA activity. Lysates were centrifuged at 13000 rpm, 4 °C for 10 minutes. 

Protein concentration of supernatant samples was measured with a detergent-compatible 

Bradford dye-binding method protein assay kit in 96-well microplates at 650 nm using 

SPECTROstar Nano microplate reader (BMG Labtech, Ortenberg, Germany). Protein 

samples were mixed 1:3 with Laemmli buffer (12.5 mM Tris-HCl, 4 % sodium dodecyl 

sulphate, 4 % mercaptoethanol, 15 % glycerol, 0.01 % bromophenol blue) and heated at 

95 °C for 5 minutes for denaturation.  

Solubilised sample lysates of the appropriate amount of protein/lane (25 µg for tissues 

and 18 µg for cells) were loaded onto 4-20 % gradient Mini-PROTEAN TGX 

polyacrylamide precast gels, electrophoretically separated, and transferred to 

nitrocellulose membranes with high-efficiency semi-dry Trans-Blot Turbo Transfer 

System. Ponceau S staining was performed for protein transfer verification and total 

loaded protein evaluation. Membranes were blocked in 5 % w/v non-fat dried milk or 

BSA in Tris-buffered saline for 1 hour at room temperature and immunoblotted with 

specific primary antibodies at 4 °C overnight. After repeated washing, membranes were 

incubated with the appropriate horseradish peroxidase-conjugated secondary antibodies. 

(Details of antibodies are listed in Table 2.) Chemiluminescence was detected using 

Luminata Forte (Millipore, Billerica, MA, USA) substrate and immunoreactive bands of 

interest were quantified densitometrically on Versadoc, Quantity One Analysis software 

(Bio-Rad, Budapest, Hungary). After subtraction of background, the integrated optical 

density was factored for Ponceau S staining to correct any variations in total protein 

loading. Blots were also normalised to an internal control to compare bands on separate 

membranes.  

Table 2. Properties of antibodies used for Western Blot 

Primary 

target 

protein 

Manufacturer 
Catalogue 

number 

Primary 

dilution 

Secondary 

antibody 

Secondary 

dilution 

O-

GlcNAc 

Sigma-Aldrich, St. Louis, 

MO, USA 
07764 1:2000 

goat anti-

rabbit 
1:2000 

OGT 
Sigma-Aldrich, St. Louis, 

MO, USA 
O6264 1:1000 

goat anti-

rabbit 
1:2000 

OGA 
Proteintech Europe, 

Manchester, UK 

14711-1-

AP 
1:1000 

goat anti-

rabbit 
1:3000 

αSMA 
Sigma-Aldrich, St. Louis, 

MO, USA 
A2547 1:500 

goat anti-

mouse 
1:6000 
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FGF23 
Abcam, Cambridge, MA, 

USA 
ab56326 1:1000 

donkey 

anti-goat 
1:4000 

NFκB 
Cell Signaling, Danvers, MA, 

USA 
C22B4 1:1000 

goat anti-

rabbit 
1:2000 

VEGF 
Abcam, Cambridge, MA, 

USA 
ab46154 1:1000 

goat anti-

rabbit 
1:3000 

BDNF 
Abcam, Cambridge, MA, 

USA 
108319 1:1000 

goat anti-

rabbit 
1:3000 

Furin 
Abcam, Cambridge, MA, 

USA 
183495 1:2000 

goat anti-

rabbit 
1:3000 

MMP3 
Abcam, Cambridge, MA, 

USA 
52915 1:1000 

goat anti-

rabbit 
1:3000 

3.6. Statistical analysis 

Analyses were performed using GraphPad Prism software version 7.0 (GraphPad 

Software, San Diego, CA, USA). The minimum required number of items per group 

was determined with power analysis before the experiments to reach an appropriate 

statistical strength. A Kolmogorov-Smirnov normality test was performed to test if the 

values were from a Gaussian distribution.  

A linear regression fit was applied to the dataset pairs to test correlation.  

For comparison of two groups, data were analysed by two-tailed paired t-tests for all 

parametric comparisons, or in the case of nonparametric data, they were analysed using 

the Wilcoxon test on ranks. To test homogenisation effectiveness, variances within each 

group were compared using Levene’s test, which was conducted in Microsoft Office 

Excel (Microsoft, Redmond, WA, USA). Single-factor ANOVA was applied to the 

absolute differences of values from the mean. Data are plotted in a scatter plot with 

mean and standard deviation.  

For comparing more groups, data were analysed by one-way ANOVA, followed by 

Bonferroni’s multiple-comparison post hoc test for all parametric comparisons, or in the 

case of nonparametric data, Kruskal-Wallis ANOVA on ranks, followed by Dunn 

correction. Significance was set a priori at P < 0.05, corrected for multiple comparisons. 

Data are presented using a box and whisker plot with means and 95 % confidence 

intervals. 
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4. Results 

4.1. In vitro experiments 

Before investigating the multiorgan damage associated with DKD, we wanted to 

explore further details of the underlying molecular mechanisms causing renal damage in 

DM. Therefore, we assessed the direct effect of glucose and profibrotic growth factors 

and the protective role of RAASi on renal proximal tubular cells and fibroblasts. 

To ensure that the chosen RAASi concentrations are not toxic and do not affect cell 

viability in our experimental setup, MTT assays were performed initially. No RAASi 

treatments in the selected concentration of 10 µM affected cell viability in HK-2 or 

NRK-49F cells. (Figure 10. A and B, respectively) 

 
 

Figure 10. Cell viability assay of various renin-angiotensin-aldosterone inhibitor 

treatments on (A) human proximal tubular cells cultured in 35 mM glucose and (B) 

normal rat kidney fibroblast cells kept on standard 25 mM glucose.  

Values are presented as means ± 95% confidence intervals; n  = 6 wells/group; one-way 

ANOVA followed by Bonferroni’s multiple-comparison post hoc test; NS not significant 

vs. Control. 

 

To assess how growth factor treatment affects NRK-49F cells, first, we verified that our 

PDGF and CTGF treatment doses induce cell proliferation. Therefore, cell proliferation 

assays were performed with various doses of PDGF and CTGF (from 0.078 ng/mL to 

10 ng/mL), which were selected based on the literature (178-181). 10 ng/mL PDGF and 

CTGF doses sufficiently caused cell proliferation of NRK-49F and were not toxic either 

(Figure 11.) 
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Figure 11. Cell proliferation assay in normal rat kidney fibroblast  cells. (A) Dose-

response curve of platelet-derived growth factor treatment. (B) Dose-response curve of 

connective tissue growth factor treatment.  

Values are presented as means ± 95% confidence intervals; n  = 6 wells/group; one-way 

ANOVA followed by Bonferroni’s multiple-comparison post hoc test; ***p < 0.001 vs. 

Control 

 

4.1.1. RAAS inhibitors (RAASi) prevent glucose-induced changes in tubular cells 

To distinguish the per se effect of hyperglycaemia and hyperosmolarity on proximal 

tubules, HK-2 cells were cultured in standard, HG or mannitol-containing isosmotic 

media conditions. Upon hyperglycaemia, profibrotic changes were observed, as mRNA 

expressions of TGFβ1, PDGFB and CTGF were increased in HG-treated HK-2 cells. 

While modelling hyperosmolarity without hyperglycaemia, mannitol treatment did not 

change TGFβ1 and PDGFB, but enhanced the CTGF mRNA expression. (Figure 12.) 

 
 

Figure 12. Expression of (A) transforming growth factor β1 (TGFB1), (B) platelet-

derived growth factor B (PDGFB), and (C) connective tissue growth factor (CCN2) in 

human kidney 2 proximal tubular epithelial cells on standard, high glucose, or osmotic 

control mannitol treatment (182) 

Values are presented as means ± 95% confidence intervals; n = 6 wells/group; one‐way 

ANOVA followed by Bonferroniʹs multiple‐comparison post hoc test; *p < 0.05, ***p < 

0.001 vs. Control 
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Regarding the fact that growth factors produced by proximal tubular cells under 

hyperglycaemic conditions contribute to fibrosis, we wanted to explore the possible 

protective effect of RAASi on profibrotic changes of HK-2 cells. In HG-treated cells, 

RAASi significantly reduced both PDGFB and CTGF expression to the level of 

controls, but no effect was observed on TGFβ1. (Figure 13.) 

 
 

Figure 13. Expression of (A) transforming growth factor β1 (TGFB1), (B) platelet-

derived growth factor B (PDGFB), and (C) connective tissue growth factor (CCN2) in 

human kidney 2 proximal tubular epithelial cells on standard, high glucose (HG), and 

renin-angiotensin-aldosterone system inhibitor treatment (182) 
Values are presented as means ± 95% confidence intervals; n = 6 wells/group; one‐way 

ANOVA followed by Bonferroniʹs multiple‐comparison post hoc test; *p < 0.05, ***p < 0.001 

vs. Control; §p < 0.05, NS not significant vs. HG 

  

As a novel, non-invasive biomarker, we measured secreted collagen formation and 

degradation by-products from supernatants. Hyperglycaemia reduced the level of FBN‐

C (a biomarker of decreased fibronectin turnover), which was restored to the level of 

controls by RAASi treatments. The amount of internal epitope of the 7S domain of type 

IV collagen (PRO‐C4) secreted into the cells’ supernatant was the same in all groups, 

suggesting no changes in type IV collagen formation in HK‐2 cells. (Figure 14.) 
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Figure 14. (A) C‐terminal of fibronectin (FBN‐C) turnover marker secretion by human 

kidney 2 (HK-2) proximal tubular epithelial cells on high glucose (HG) and renin-

angiotensin-aldosterone inhibitor (RAASi) treatment. (B) Type IV collagen formation 

biomarker (PRO‐C4) secretion by HK‐2 cells on HG and RAASi treatment (182) 

Values are presented as means ± 95% confidence intervals; n = 6 wells/group; one‐way 

ANOVA followed by Bonferroniʹs multiple‐comparison post hoc test; *p < 0.05 vs. Control; §p 

< 0.05, §§p < 0.01 vs. HG 

 

Time-dependent effects of hyperglycaemia-induced protein O-GlcNAcylation and 

expression of OGT and OGA enzymes were also investigated in HK-2 cells. Protein O-

GlcNAcylation level was elevated after 24 and 48 hours of HG treatment, compared to 

control cells cultured in standard glucose. OGT was increased after 24 hours of HG 

treatment, but compared to the 24-hour value, it decreased after 48 hours. OGA changed 

oppositely, decreased below the level of control after 24 hours, but increased after 48 

hours. (Figure 15.) 

Figure 15. Relative protein O-linked N-

acetylglucosamine modification (O-

GlcNAcylation) and O-GlcNAc transferase 

(OGT) and O-GlcNAcase (OGA) protein 

levels in control, or high glucose (HG) 

treated human kidney 2 proximal tubular 

cells at 24 and 48 hours. 

Values are presented as means ± SEM; n = 

6 wells/group; two‐way ANOVA; *p < 

0.05, **p < 0.01, ***p < 0.001 vs. Control; 
§§p < 0.01, §§§p < 0.001 vs. HG 24 hours

 

RAASi did not influence hyperglycaemia-induced protein O-GlcNAcylation or OGT 

enzyme level at 24 hours of HG treatment in HK-2 cells, whereas OGA was increased 

by RAASi treatments. (Figure 16.) 
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Figure 16. (A) Relative protein O-linked N-acetylglucosamine modification (O-

GlcNAcylation) and (B) O-GlcNAc transferase (OGT) and (C) O-GlcNAcase (OGA) 

protein levels in control, high glucose (HG), and renin-angiotensin-aldosterone system 

inhibitor-treated human kidney 2 proximal tubular cells. 

Values are presented as means ± 95% confidence intervals; n = 6 wells/group; one‐way 

ANOVA followed by Bonferroniʹs multiple‐comparison post hoc test; *p < 0.05, **p < 0.01, 

***p < 0.001 vs. Control; §p < 0.05, §§p < 0.01, NS not significant vs. HG 

 

4.1.2. RAASi ameliorate profibrotic changes in renal fibroblasts 

Since profibrotic factors, produced by proximal tubular epithelial cells, can act directly 

on renal fibroblasts, the effect of growth factor treatment on NRK‐49F cells was also 

evaluated. Since we could not detect significant changes in TGFB1 expression in HK‐2 

cells, we focused our further analyses on PDGFB and CTGF treatment. 

Initially, we proved by fluorescent immunocytochemistry that NRK‐49F cells express 

PDGFR‐β, which is essential for the action of PDGF and CTGF (Figure 17). 

 

 

 

 

 

 

 

Figure 17. Representative picture of platelet-

derived growth factor receptor β (PDGFR-β) 

stained normal rat kidney fibroblast cell. 

1000x magnification; red – PDGFR-β, blue – 

nucleus; scale bar = 10 µm (182) 

MTT assay was used to assess the effects of various RAASi on fibroblast proliferation. 

PDGF and CTGF treatment induced cell proliferation, but no RAASi changed it. 

(Figure 18. A, D) 
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Proliferating cell nuclear antigen (PCNA) and Ki67, which are more specific markers, 

were measured additionally. These factors are the most established components of cell 

proliferation. PCNA has a role in DNA synthesis and repair and is one of the regulators 

of the cell cycle. Ki67 can only be detected in nuclei of proliferating cells. (183) In our 

study, there was an increasing tendency in proliferation marker expression after both 

growth factor treatments. However, the elevation reached the significance level only in 

PDGF-treated NRK-49F cells. RAASi decreased PCNA expression, but not Ki67. 

(Figure 18. B-C, E-F) 

 
 

Figure 18. (A) Cell proliferation assay in normal rat kidney fibroblast (NRK-49F) cells on 

platelet-derived growth factor (PDGF) and renin-angiotensin-aldosterone system inhibitor 

(RAASi) treatment. (B) Proliferating cell nuclear antigen (Pcna) and (C) Ki67 (Mki67) 

proliferation marker mRNA expression in NRK-49F cells treated with PDGF and RAASi 

(D) Cell proliferation assay in NRK-49F cells on connective tissue growth factor (CTGF) and 

RAASi treatment. (E) PCNA and (F) Ki67 (Mki67) proliferation marker mRNA expression in 

NRK-49F cells treated with CTGF and RAASi 

Values are presented as means ± 95% confidence intervals; n = 6 wells/group; one-way 

ANOVA followed by Bonferroni’s multiple-comparison post hoc test; *p <0.05, ***p < 0.001 

vs. Control; §p < 0.05 vs. PDGF; §§§p < 0.01 vs. CTGF 
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Next, we investigated morphological changes/cytoskeleton rearrangements of NRK-49F 

cells caused by PDGF or CTGF treatment by phalloidin staining. This highly selective 

bicyclic peptide is used for staining actin filaments (F-actin). 

Control cells were slightly elongated in shape and contained a diffuse network of thin 

actin filaments. CTGF and PDGF changed fibroblast cytoskeleton morphology, 

specifically the reorganisation of stress fibres along a longitudinal axis, parallel to 

forming F-actin bundles. However, elongation of cells and F-actin bundles were more 

pronounced after PDGF treatment. In addition, PDGF and CTGF caused actin-clump 

formation (marked with white-arrows), especially at the edges of fibroblasts. (Figure 

19.) 

 

Figure 19. Representative pictures of phalloidin‐TRITC immunostained (A, D) normal rat 

kidney fibroblast cells (Control), treated with (B, E) platelet‐derived growth factor 

(PDGF) or (C, F) connective tissue growth factor (CTGF). Red – F‐actin; blue – nucleus. 

Arrows mark actin clumps. 400x and 1000x magnification. Scale bar = 50 and 20 µm, 

respectively (182) 

 

Lastly, we measured αSMA content and PRO-C4 secretion of NRK-49F cells. PDGF 

and CTGF treatments increased αSMA protein levels. All RAASi hindered these 

changes by diminishing αSMA production to the level of controls. (Figure 20. A, B) 

Type IV collagen formation did not change due to growth factor treatment or RAASi. 

(Figure 20. C, D) 
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Figure 20. (A-B) Relative alpha-smooth muscle actin (αSMA) protein levels in normal rat 

kidney fibroblast (NRK-49F) cells treated with (A) platelet-derived growth factor (PDGF) 

or (B) connective tissue growth factor (CTGF) and renin-angiotensin-aldosterone system 

inhibitors (RAASi) 
(C-D) Type IV collagen formation biomarker (PRO‐C4) secretion of NRK-49F cells on (C) 

PDGF or (D) CTGF and RAASi treatment (182) 

Values are presented as means ± 95% confidence intervals; n = 6 wells/group; one-way 

ANOVA followed by Bonferroni’s multiple-comparison post hoc test; *p <0.05, ***p < 0.001 

vs. Control; §p < 0.05 vs. PDGF; §§§p < 0.01 vs. CTGF 

 

4.2. In vivo experiments 

Investigation of the per se effect of monotherapeutic RAASi on multiorgan 

complications of DM was conducted with non-depressor drug doses adopted from 

previous studies in line with the literature. (169-172) 

Seven weeks after the induction of T1DM, diabetic rats had impaired weight gain, 

elevated serum glucose, fructosamine and total cholesterol levels, demonstrating the 

development of DM. MAP remained unaltered in all groups, confirming that the 

examined effects of RAASi are independent of their antihypertensive properties. RAASi 

did not affect body weight or metabolic parameters, either. (Table 3.) 
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Table 3. Physiological and metabolic parameters of control, diabetic (D), and renin-

angiotensin-aldosterone system inhibitor-treated rats. Values are presented as means ± 

standard deviations; n = 7 rats/groups; one-way ANOVA followed by Bonferroni’s 

multiple-comparison post hoc test; *p<0.05, **p<0.01 vs. Control 
 

Parameters Control Diabetes (D) D + 

Ramipril 

D + 

Losartan 

D + 

Eplerenone 

Mean arterial 

pressure 

(Hgmm) 

74.7 ± 7.51 73.9 ± 8.78 72.3 ± 5.46 73.8 ± 14.0 77.3 ± 13.2 

Body weight 

(g) 
418 ± 23.4 276 ± 28.9* 265 ± 12.8* 258 ± 24.8* 288 ± 20.9* 

Serum glucose 

(mmol/L) 
12.7 ± 1.15 47.3 ± 7.80* 44.1 ± 3.67* 43.8 ± 4.79* 34.8 ± 3.57 

Fructosamine 

(µmol/L) 
153 ± 8.28 243 ± 16.3** 246 ± 11.5** 256 ± 17.6** 239 ± 16.5** 

Total 

cholesterol 

(mmol/L) 

1.90 ± 0.05 2.28 ± 0.06* 2.21 ± 0.10 2.06 ± 0.08 1.88 ± 0.14 

 

4.2.1. RAASi improve renal function and diminish kidney fibrosis 

DM-induced renal impairment is presented in higher blood urea nitrogen levels and 

lower creatinine clearance. These functional parameters of DKD were ameliorated by 

RAASi treatment. (Figure 21. A, B) Deteriorated renal function (lower creatinine 

clearance) was associated with higher blood sugar levels. (Figure 21. C) 

 
 

Figure 21. Renal functional status estimated with (A) blood urea nitrogen level and (B) 

creatinine clearance values measured in control, diabetic (D), and renin -angiotensin-

aldosterone system inhibitor-treated rats. Values are presented as means ± 95% 

confidence intervals; n = 7 rats/group; one-way ANOVA followed by Bonferroni’s 

multiple-comparison post hoc test; **p <0.01 vs. Control; §p < 0.05, §§p < 0.01 vs. 

Diabetes (182) 
(C) Correlation of creatinine clearance with serum glucose levels in all rats. (Linear regression 

fit; p < 0.05; R2 = 0.2) 
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Besides functional decline, massive collagen accumulation was observed in untreated 

diabetic rats, as a key histological feature of renal fibrosis. All of the RAASi minimised 

fibrosis as reflected by fewer Sirius Red-positive areas. (Figure 22. A) 

As novel, non-invasive biomarkers of kidney fibrosis, urinary markers of ECM 

remodelling showed increased collagen IV turnover (TUM) and elevated rates of 

collagen III formation (PRO‐C3) and degradation (C3M) in diabetic animals. 

Eplerenone treatment decreased the urinary level of C3M. (Figure 22. B-D) 

 
 

Figure 22. Renal fibrosis evaluation in control, diabetic (D), and renin-angiotensin-

aldosterone system inhibitor-treated rats (182) 

(A) Representative pictures and quantitative evaluation of Sirius Red-stained fibrotic tissue 

accumulation in the kidneys (20x magnification, scale bar = 200µm) 
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(B-D) Urinary biomarkers of (B) collagen IV turnover (TUM), (C) collagen III formation 

(PRO-C3), and (D) collagen III degradation (C3M) 

Values are presented as means ± 95% confidence intervals; n = 7 rats/group; one-way ANOVA 

followed by Bonferroni’s multiple-comparison post hoc test; *p<0.05, **p <0.01, ***p<0.001 

vs. Control; §p < 0.05, §§§p < 0.001 vs. Diabetes 

 

4.2.2. Lyophilisation improves reproducibility in fibrotic tissues 

During our experiments, we often found that fibrotic tissue accumulation was 

inhomogeneous in the samples, and significant differences were seen between some 

areas of the kidney (Figure 23. A) and the heart. Depending on the tissue region used 

for protein extraction, this caused higher scatter and more outlier data points within 

groups and between different isolations (Figure 23. B).  

Therefore, we introduced lyophilisation to our tissue preparation protocol as an 

additional method. To test whether the problem of focality can be resolved, protein and 

RNA were extracted 4 times from lyophilized, pulverized homogenates and from four 

parts of the same frozen samples. (Figure 23. C) Both mRNA and protein levels of 

αSMA showed lower variances in the lyophilized, homogenized samples than within the 

conventionally processed group from frozen samples (Figure 23. D-E). 

 
Figure 23. Comparison of scatter in conventionally processed frozen and lyophilised, 

pulverized samples from fibrotic tissue (184) 
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(A) Representative Masson's trichrome-stained section, where the enlarged area shows 

examples of focal fibrosis in the diabetic rat kidney. (10-200x magnification, scale bar = 

2000μm, 50μm) 

(B) Absolute differences of alpha smooth muscle actin (αSMA) protein values to mean in 

diabetic rat kidneys and hearts processed conventionally (Frozen) or homogenized after 

lyophilisation (Values are presented as scatter plot with mean and standard deviation; 

n=10/group; variances compared by Levene’s test, single factor ANOVA applied to absolute 

differences of values to mean; *p<0.05 vs. Frozen) 

(C) Schematic presentation of sample processing for homogeneity investigations. Half of each 

kidney was lyophilised (L), pulverised, and protein and RNA were isolated from 4 portions of 

homogenous powder (L1-L4). The other half underwent conventional frozen sample processing: 

4 pieces were cut for the isolations (F1-F4). 

(D-E) Absolute differences of (D) αSMA protein and (E) alpha smooth muscle actin mRNA 

(Acta2) values to mean in frozen parts vs. lyophilised homogenous powder of the same diabetic 

rat kidney samples. (Values are presented as scatter plot with mean and standard deviation; n=4 

frozen parts and four powder portions of the same organs; variances compared by Levene’s test, 

single factor ANOVA applied to absolute differences of values to mean; *p<0.05 vs. Frozen) 

 

4.2.3. RAASi ameliorate diabetic vascular impairment 

To evaluate changes in arterial stiffness, as the earliest detectable manifestations of 

pathological vascular remodelling, PWV was measured in diabetic rats. PWV values 

correlated with the animals’ blood pressure and body weight. (Figure 24. A-B) Since 

there was no significant difference in MAP values between the groups, PWV was 

corrected for body weight. Weight-corrected PWV was elevated in DM, reflecting the 

increased arterial stiffness. (Figure 24. C) 

Aortic histological changes were evaluated with Orcein and Masson’s trichrome 

staining. IMT was measured on Orcein-stained aortic sections, where diabetic rats 

exhibited intimal thickening, irregularities, and diffused elastic membranes. (Figure 24. 

D) Ramipril and eplerenone returned the increased thickness in diabetic animals to the 

control value. (Figure 24. E) Aortic media layer thickness correlated with serum total 

cholesterol. (Figure 24. F). Masson’s trichrome staining showed disorganized elastic 

lamina arrangement (Figure 24. G) and increased ratio of blue-stained medial fibrotic 

ECM components in diabetic aortas which was decreased by eplerenone. (Figure 24. H) 
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Figure 24. Vascular functional and structural parameters and their correlations with 

physiological and metabolic values in control, diabetic, and renin-angiotensin-aldosterone 

system inhibitor-treated rats (185) 

(A-B) Correlation of pulse wave velocity (PWV) with (A) mean arterial pressure (MAP) and 

(B) body weight (Linear regression fit; p<0.01; R2 = 0.2 and 0.3, respectively) 

(C) Statistical evaluation of body weight-corrected PWV values (Values are presented as means 

± 95% confidence intervals; n = 7 rats/group; one-way ANOVA followed by Bonferroni’s 

multiple-comparison post hoc test; ***p<0.001 vs. Control) 

(D) Representative pictures and (E) quantitative evaluation of Orcein-stained histological aortic 

sections for visualization of elastin fibres and measuring intima-media thickness (IMT) (40x 

magnification; scale bar = 500µm) (Values are presented as means ± 95% confidence intervals; 

n = 7 rats/group; one-way ANOVA followed by Bonferroni’s multiple-comparison post hoc 

test; *p<0.05 vs. Control; §p<0.05 vs. Diabetes) 

(F) Correlation of IMT with serum total cholesterol values (Linear regression fit; p<0.001; R2 = 

0.35) 

(G) Representative pictures of Masson’s trichrome stained aortic histological sections for 

connective tissue visualization and (H) quantitative evaluation of medial fibrosis (40x 

magnification; scale bar = 500µm) (Values are presented as means ± 95% confidence intervals; 

n = 7 rats/group; one-way ANOVA followed by Bonferroni’s multiple-comparison post hoc 

test; **p<0.01 vs. Control; §§p<0.01 vs. Diabetes) 
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4.2.4. RAASi minimize cardiac tissue damage and fibrosis 

Serum troponin I level, a routine clinical marker of cardiac tissue damage, was elevated 

in diabetic rats, indicating myocardial injury. mRNA expression of BNP (specific to 

chronic left ventricular expansion) was also increased in diabetic hearts. All RAASi 

decreased troponin I and BNP to normal control values. (Figure 25. A-B)  

Klotho, a newly recognized protective marker regulating fibrosis, oxidative stress and 

inflammation, showed decreased serum levels in diabetic rats, which was compensated 

by eplerenone. (Figure 25. C) On the same pathway, the counter-regulatory FGF23 

protein was elevated in the cardiac muscles of diabetic animals, and all RAASi 

minimized this response. (Figure 25. D) 

Left ventricular fibrosis was assessed on Sirius Red stained sections. Fibrotic 

connective tissue was increased in diabetic hearts, while all RAASi decreased it to 

control levels. (Figure 25. E) Another specific marker of cardiac fibrosis, αSMA 

protein, was elevated in diabetic rat hearts, while ramipril and eplerenone decreased it. 

(Figure 25. F) Since DCM-associated growth factors induce fibrotic differentiation, we 

also measured the expression of certain profibrotic factors. Increased heart CTGF and 

PDGF mRNA expressions were observed in DM, which were reduced by all RAASi 

treatments. (Figure 25. G-H) 
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Figure 25. Makers of cardiac tissue damage and fibrosis in control, diabetic, and renin-

angiotensin-aldosterone system inhibitor-treated rats (185) 
(A-D) Markers of cardiac damage: (A) serum troponin I protein levels,  

(B) B-type natriuretic peptide (Nppb) mRNA expression in left ventricular heart muscles,  

(C) serum klotho protein levels, (D) fibroblast growth factor 23 (FGF23) protein level in cardiac 

left ventricular muscles (Values are presented as means ± 95% confidence intervals; n = 7 

rats/group; one-way ANOVA followed by Bonferroni’s multiple-comparison post hoc test; 

***p<0.001 vs. Control; §p<0.05, §§p<0.01, §§§p<0.001 vs. Diabetes) 

(E) Representative pictures and quantitative evaluation of Sirius Red stained left ventricular 

muscle sections for fibrotic tissue accumulation measurement (200x magnification; scale bar = 

50µm; values are presented as means ± 95% confidence intervals; n = 7 rats/group; one-way 

ANOVA followed by Bonferroni’s multiple-comparison post hoc test; ***p<0.001 vs. Control; 
§§§p<0.001 vs. Diabetes) 

(F-H) Fibrotic markers measured in left ventricular heart muscles: (F) alpha smooth muscle 

actin (αSMA) protein level, (G) connective tissue growth factor (Ccn2) and (H) platelet-derived 

growth factor (Pdgfb) mRNA expression (Values are presented as means ± 95% confidence 

intervals; n = 7 rats/group; one-way ANOVA followed by Bonferroni’s multiple-comparison 

post hoc test; **p<0.01 vs. Control; §p<0.05, §§p<0.01 vs. Diabetes) 
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4.2.5. RAASi decrease cardiac hypoxic and inflammatory injury 

While exploring the inflammatory aspects of cardiac tissue damage, we detected higher 

mRNA expression of IL-6 and NFκB protein levels in diabetic heart muscles that were 

decreased by losartan treatment. (Figure 26. A-B) Conversely, TNFα expression was 

lower in DM, while ramipril and losartan treatment compensated this change. (Figure 

26. C) In line with TNFα changes, the mRNA expression of its suppressor heat shock 

protein 72 (HSP72) was doubled in DM and decreased by all RAASi. (Figure 26. E) 

In the hypoxic pathway, the vascular endothelial growth factor (VEGF) protein level 

was elevated in DM and decreased by RAASi. (Figure 26. D)  

 
 

Figure 26. Inflammatory and hypoxic markers in hearts of control, diabetic, and renin-

angiotensin-aldosterone system inhibitor-treated rats 

(A-C) Inflammatory cytokines and transcription factors: (A) interleukin-6 (Il6) mRNA 

expression, (B) nuclear factor kappa B (NFκB) protein level, (C) tumor necrosis factor (Tnf) 

mRNA expression 

(D-E) Hypoxia activated pathway: (D) vascular endothelial growth factor (VEGF) protein level, 

(E) heat shock protein 72 (Hspa1b) mRNA expression 

(Values are presented as means ± 95% confidence intervals; n = 7 rats/group; one-way ANOVA 

followed by Bonferroni’s multiple-comparison post hoc test; *p<0.05, **p<0.01 vs. Control; 
§p<0.05, §§§p<0.001 vs. Diabetes) 
 

4.2.6. RAASi mitigate DM-induced inflammation in hippocampi 

Inflammatory processes are strongly associated with depression and DM. Therefore, we 

measured proinflammatory cytokine expression in the hippocampi of diabetic and 
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RAASi-treated rats. Expression of IL-1α, IL-6 and TNFα was increased in the 

hippocampi of diabetic rats, and was diminished by RAASi (Figure 27. A-C). The 

protein level of the main transcription factor NFκB, associated with IL-1α and TNF 

signaling pathways, also increased. All RAASi decreased that back to control level 

(Figure 27. D). 

 
 

Figure 27. Proinflammatory responses and brain-derived natriuretic factor (BDNF) 

production in hippocampi of control, diabetic, and renin-angiotensin-aldosterone system 

inhibitor-treated rats (186) 

(A-D) Hippocampal inflammatory cytokine and transcription factor  levels: mRNA 

expression of (A) interleukin-1α (Il1a), (B) interleukin-6 (Il6) and (C) tumor necrosis 

factor (Tnf), and (D) protein level of nuclear factor kappa B (NFκB)  

(E-H) Protein level of hippocampal BDNF isoforms: (E) precursor BDNF (proBDNF), 

and (H) mature BDNF (mBDNF); and its cleavage enzymes: (F) furin, and (G) matrix 

metalloproteinase 3 (MMP3) 

(Values are presented as means ± 95% confidence intervals; n = 7 rats/group; one-way ANOVA 

followed by Bonferroni’s multiple-comparison post hoc test; *p<0.05, **p<0.01, ***p<0.001 

vs. Control; §p<0.05, §§p<0.01, §§§p<0.001 vs. Diabetes) 

 

4.2.7. RAASi restore hippocampal BDNF production 

BDNF signaling pathway plays a pivotal role in the pathophysiology of comorbid 

depression. Hippocampal synthesis of the precursor and the mature isoforms of BDNF 

decreased in diabetic rats. These adverse changes were fully reversed by RAASi 

treatment. (Figure 27. E, H). Serine protease enzymes are responsible for BDNF 

cleavage. We found that losartan and eplerenone increased the intracellular enzyme 

furin, while ramipril elevated the extracellular MMP3. (Figure 27. F, G)  
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5. Discussion 

The prevalence of DM is increasing at an alarming rate; therefore, the risk of 

developing diabetic complications is becoming a concern for more and more people. 

DKD is one of the most common and detrimental microvascular consequences of DM, 

associated with CVD and comorbid depression. Significant progress has been made in 

the therapeutic management of DM-associated multiorgan complications over the past 

decade; however, the current treatment strategies are still not efficient enough for 

disease prevention. The pharmacological modulation of major regulatory pathways 

involved in DM pathophysiology, such as fibrosis or inflammation, may be a promising 

strategy. 

International guidelines list RAASi as the gold-standard therapy in diabetic patients 

with micro- and macrovascular complications, although their exact protective 

mechanism besides their antihypertensive effect is not fully explored yet. Studies 

indicate that various RAASi decrease functional and structural multiorgan damage in 

DM. However, it is still not exactly clarified whether their protective properties are 

associated with or restricted to their blood pressure-regulating effects, and the exact 

molecular pathways involved need to be explored. Furthermore, even though the 

aldosterone escape phenomenon has been reported in DKD patients treated with ACEi 

or ARB (187, 188), aldosterone antagonists are still mainly used only as diuretics to 

treat hypertension. Therefore, further evidence is needed for their monotherapeutic use. 

During my doctoral work, our primary goal was to evaluate the protective effects of 

different RAASi monotherapy against DM‐induced complications in the kidney, heart 

and brain. 

Previously, glomerulosclerosis was considered the primary site of fibrosis in DKD, but 

increasing evidence shows that hyperglycaemia-induced tubulointerstitial lesions also 

have a causative role.  

First, we investigated cell cultures of proximal tubular cells and renal fibroblasts to 

independently assess the direct effects of glucose, hyperosmolality and profibrotic 

growth factors and the protective role of RAASi. 

Our data not only confirmed the results of previous studies showing that TGFβ and 

CTGF expression are higher in HG-treated HK-2 cells (189-191), but also showed the 
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same effect of hyperglycaemia on PDGF expression. Furthermore, by applying the 

exact isosmotic mannitol dosage as in literature (182-195), we proved that the elevation 

of TGFβ and PDGF mRNA expression can be considered as a direct effect of 

glucotoxicity. At the same time, CTGF production could result from the complex 

impact of hyperglycaemia and hyperosmolarity. 

To investigate the effects of RAASi, we used dosages that we previously proved are 

non-toxic to HK-2 cells. We demonstrated that monotherapy with various RAASi 

suppresses the production of PDGF and CTGF. Some of these effects were also shown 

in the literature: 10 μM losartan attenuated TGFβ-1 expression and epithelial-

mesenchymal differentiation in hyperglycaemic (30 mM) NRK-52E cells (196), while 

10 μM eplerenone completely blocked epithelial-mesenchymal transition in HK-2 cells. 

(197) Furthermore, ramipril and eplerenone decreased PDGF in experimental hepatic 

and myocardial fibrosis. (198, 199) These results suggest that RAASi can directly 

suppress the hyperglycaemia‐induced profibrotic response not only in renal HK-2 cells, 

but also in other organs.  

We were privileged to participate in the preclinical testing process of non-invasive 

biomarkers like FBN-C, TUM, PRO-C4, PRO-C3 and C3M, markers of renal fibrosis 

newly developed by Nordic Bioscience. The decreased fibronectin turnover in HG‐

treated HK‐2 cells was restored by RAASi treatment, suggesting that RAASi interfere 

with the dysregulated remodelling of the interstitial ECM, which characterises fibrosis.  

Hyperglycaemia also leads to excessive O-GlcNAcylation of various proteins, which 

negatively alters several critical cellular processes, including phosphorylation or NO 

production. The relevance of O-GlcNAcylation has already been emphasised in the 

diabetic heart by demonstrating its association with increased atherosclerosis and 

vascular inflammation. (200, 201) Still, the role of O-GlcNAc modification has yet to 

be fully explored in diabetic kidneys. We showed that hyperglycaemia induces O-

GlcNAcylation in HK-2 cells and demonstrated that RAASi could ameliorate the 

detrimental effects of chronic accumulation of O-GlcNAc-modified proteins.  

We investigated time-dependent effects of HG-induced O-GlcNAcylation in HK-2 cells. 

Twenty-four and 48 hours of HG treatment elevated the protein O-GlcNAcylation. 

Meanwhile, OGT, the enzyme responsible for adding the GlcNAc molecule, was only 
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transiently increased after 24 hours; by 48 hours, it returned to the basal level. These 

data suggest that renal OGT can decrease in a compensatory manner in the event of 

longer hyperglycaemia, to protect tubular cells against over-O-GlcNAcylation. A 

similar phenomenon was observed in the red blood cells of human diabetic patients. 

(202) 

In contrast, the OGA, which removes O-GlcNAc modifications, appeared more 

susceptible to cellular O-GlcNAc levels and less sensitive to nutritional changes. OGA 

decreased below the control level in HG-treated cells after 24 hours; however, following 

this transient decline, OGA quickly increased, indicating a compensatory adaptive 

response against increased O-GlcNAcylation. This aligns with a previous study, which 

found that the OGA level is higher in leukocytes of diabetic individuals, suggesting that 

cells are trying to attenuate higher O-GlcNAcylation. (203) 

It has already been shown that activated RAAS and hexosamine biosynthesis pathways 

play a significant role in the development of DKD. Literature data suggest a bilateral 

activation of O-GlcNAcylation and intrarenal RAAS. Ang II increases O-GlcNAc 

modification in mesangial cells. (204) This is also true the other way around: elevated 

O-GlcNAcylation can stimulate Ang expression. (164) This generates a vicious circle 

contributing to direct glucotoxic effects. In our in vitro studies, RAASi did not influence 

HG-induced protein O-GlcNAcylation or OGT expression, but minimized 

hyperglycaemic complications by increasing OGA. This is in line with the literature, 

where OGA overexpression ameliorates ECD. (205) 

Evidence suggests that profibrotic factors such as PDGF and CTGF are key 

determinants in developing ECM deposition and epithelial-mesenchymal transition, 

leading to renal fibrosis. (55, 206) First, we confirmed that NRK-49F cells express 

PDGFR-β, which is essential for the action of both. As profibrotic factors produced by 

proximal tubules, PDGF and CTGF directly influence renal fibroblast morphology, 

proliferation, migration, and ECM production. Our next step was to investigate each 

process individually. To our knowledge, we were the first in the literature to do so. 

We chose the dose of PDGF and CTGF based on their proliferating capacity on NRK-

49F cells. PDGF and CTGF (10 ng/mL) treatment induced the NRK-49F fibroblasts and 
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increased PCNA and Ki67 levels. RAASi decreased PDGF-induced PCNA and Ki67 

expression, but did not affect CTGF-induced changes.  

PDGF and CTGF also promoted morphological alterations and re-arrangement of the 

actin cytoskeleton in NRK-49F cells, a transformation similar to that described in 

human fibroblasts after PDGF (207) and in podocytes following CTGF treatment. (208) 

Our final in vitro experiment demonstrated that all the RAASi effectively reduced 

αSMA production induced by profibrotic growth factors and inhibited myofibroblast 

differentiation. This suggests that renal fibroblasts may represent one of the primary 

targets of RAASi in preventing fibrotic transformation. 

Next, in vivo experiments were conducted to evaluate the various complex mechanisms 

involved in multiorgan complications associated with DKD. The blood pressure-

lowering ability of RAASi is well known. It is also well documented that they are 

renoprotective (209), reduce CV oxidative stress (210), and improve depression scores 

in DM (211) independently of their antihypertensive effects. The renal antifibrotic 

potential of the ARB losartan (212) and the ACEi ramipril (213) has already been 

explored in murine models. Furthermore, RAASi have been shown to reduce renal 

fibrosis in DM (214, 215), cardiac fibrosis in renal failure (216), and neuroinflammation 

in psychiatric disorders. (217) However, the complexity of the exact shared mechanisms 

is still not fully clarified.  

To test whether these multiorgan-protective characteristics of RAASi are restricted to 

their blood pressure-regulating effect, we chose lower treatment doses to avoid blood 

pressure changes. Similarly to our previous studies, DM did not induce hypertension, 

which is a typical feature in this STZ diabetes model in Wistar rats. This typical feature 

is probably a specific characteristic of DM-induced neuropathy in this strain, damaging 

equally the sympathetic and parasympathetic innervation of the kidneys and heart. (218) 

RAASi treatment did not affect blood pressure either, confirming that we used non‐

depressor doses and that this model is appropriate for testing independent effects. 

Our research group conducted extensive studies on the multiorgan, pleiotropic 

protection of RAASi, which goes beyond decreasing blood pressure and is related to 

other factors. (169, 219) We also observed that RAASi successfully improves severe 

functional and structural renal and cardiac damage in diabetic Wistar rats.  
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In our model, higher blood glucose levels were associated with worse renal function and 

lower creatinine clearance. DM-induced renal fibrosis was visible in Sirius Red-stained 

kidney sections, but it was also detectable non-invasively from urine. To the best of our 

knowledge, we were the first to use these newly developed ECM remodelling 

biomarkers to test the efficacy of an antifibrotic treatment. The increased TUM, PRO-

C3, and C3M levels in diabetic rats confirm that this assay can be used as a new tool in 

diagnosis and disease monitoring. Since then, our collaborators at Nordic Bioscience 

have proven the diagnostic relevance of these markers in several kidney pathologies. 

PRO-C3 and C3M have been used to assess disease progression in patients with IgA 

nephropathy and ANCA-vasculitis. (220, 221) Recently, PRO-C3 helped stratification 

after an episode of AKI by identifying patients at higher risk of kidney disease 

progression. (222) While very promising, further research is needed to get regulatory 

approval for their clinical use.  

As we proceeded to further investigations, we encountered the problem that renal and 

cardiac fibrosis have focal characteristics; the exact localisation of the injury is mostly 

not visually predictable, particularly in the case of small samples obtained from rats. 

(223, 224) Due to this focal nature of fibrotic organ injuries, conventional sample 

preparation methods can hardly produce reproducible false-positive or false-negative 

results.  

After confirming our assumption on Masson's trichrome-stained sections, we modified 

our tissue preparation method, introducing lyophilization as the first step of sample 

processing. During lyophilization the tissue can easily be pulverized. (225) The portion 

of a homogenous powder represents the whole sample more than segmented parts from 

frozen tissues. By these, our PCR and Western blot measurements of profibrotic RNA 

and protein levels from frozen samples generated significantly higher scatter and more 

outlier data points than freeze-dried, pulverized ones.  

We also demonstrated that the mRNA or protein content of the samples does not 

degrade significantly over time, nor when stored at room temperature. We also proved 

that lyophilization does not affect posttranslational modifications either, so samples can 

also be used for detecting phosphorylated proteins. (184) These findings have been 
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described in detail in the PhD thesis of my colleague, Tamas Lakat, with whom we 

performed these methodological developments. (226) 

Micro- and macrovascular complications play a pivotal role in all types of diabetic 

organ damage; therefore, investigating CV injury is essential to comprehend multiorgan 

consequences. (227) The results from the FIDELIO-DKD and FIGARO-DKD 

randomized controlled trials demonstrated that the non-steroid MR antagonist 

finerenone reduced the risk of major CV events and HF in patients with CKD and 

T2DM. (228) In younger T1DM patients, the prevention of atherosclerosis is even more 

crucial to reduce the risk of CVD later in life, as it decreases their life expectancy at a 

dramatic rate. (229) The abdominal aorta is one of the places where initial changes in 

vascular structure occur in DM (230), and increased IMT is an early marker of 

atherosclerosis. In our study, RAASi improved CV function by preventing arterial wall 

thickening and fibrotic tissue accumulation in the media layer, without lowering blood 

pressure. 

Atherosclerotic plaque formation increases vascular stiffness, which PWV can measure.  

This method is commonly used to monitor arterial stiffness in patients with T1DM. (88, 

231) As a new finding, we established the non-invasive measurement of PWV that can 

also be conducted in small experimental animals, such as mice and rats, in addition to 

humans, which will facilitate future longitudinal studies. Furthermore, various studies 

have confirmed that normal-dose RAASi can prevent increases in PWV (232) and IMT 

(233), although our findings regarding blood pressure independence are novel.  

Cardiac biomarkers are crucial in assessing heart function and strongly predict 

ventricular dysfunction and CV outcomes. Cardiac troponin, a component of the 

contractile apparatus in myocardial cells, is accepted as the standard biomarker for 

diagnosing and predicting myocardial injury. Additionally, Troponin I levels are often 

elevated in CVD patients with DM. (234)  

BNP is primarily produced in the atria and ventricles in response to volume expansion 

and pressure overload. Its level is increased in T2DM rat models and diabetic patients. 

(235, 236) Some studies have shown that a standard dosage of RAASi can reduce 

troponin and BNP levels in rats with myocardial infarction. (237, 238) In our 

experimental setup, increases in troponin I and BNP confirmed myocardial injury and 



- 62 - 

 

left ventricular distress even without blood pressure changes in T1DM. Interestingly, all 

RAASi successfully prevented cardiac damage, even in low doses. 

In renal disease with cardiac complications, klotho has gained attention recently as a 

sensitive and specific biomarker. As part of a unique endocrine system, it regulates the 

inactivation of oxidative stress, inflammation, and fibrotic pathways in the heart and 

kidneys. (239, 240) In T1DM patients, low serum klotho level is associated with a 

larger carotid artery IMT. Thus, it may be considered an early predictor of 

atherosclerosis. (241) Studies also report that klotho levels are lower in T2DM patients 

with CVD, supporting its protective role in cardiorenal disease. (242) In CKD patients, 

klotho was permanently decreased while FGF23 was elevated. (92) Furthermore 

multinomial regression analysis revealed that low klotho and higher FGF23 levels are 

linked to a greater risk of CV hospitalization as independent variables in T2DM 

patients. (243) Haplodeficiency of klotho gene was reported to increase collagen content 

in the media layer of mice aorta, suggesting that klotho could be closely related to 

vascular fibrotic changes, that can be blocked by eplerenone treatment. (244)  

In line with these data, we also measured lower serum klotho and higher myocardial 

FGF23 levels in diabetic rats. All RAASi decreased FGF23, while only eplerenone 

could reverse the decline in serum klotho and reduce the medial fibrosis of the aorta. 

The sole efficacy of eplerenone might be explained by aldosterone directly 

downregulating klotho gene transcription by histone deacetylation (245); therefore, 

various RAASi affect the klotho-FGF23 axis differentially. Our results confirmed the 

potential of klotho and FGF23 as early and sensitive markers of cardiac dysfunction in 

the T1DM rat model and for monitoring responsiveness to low-dose RAASi treatment. 

We identified klotho as a possible novel target by which eplerenone could decrease 

fibrotic tissue accumulation in the media layer of the aorta. 

Cardiac fibrosis is a final pathway through which HF develops. Myocardial fibrosis in 

patients with DM may occur independently of hypertension or coronary atherosclerosis. 

(246) It culminates in hyperglycemia-induced Ang II and aldosterone activity, 

promoting deposition of ECM proteins, leading to increased myocardial stiffness and 

impaired cardiac function. (247) Previous studies showed that Ang II induce fibroblasts’ 

collagen production, (158) and regular and high-dose RAASi can reduce oxidative 
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stress of the blood vessel wall and ameliorate the formation of atherosclerotic plaque 

and cardiac fibrosis in a rat model of T1DM. (248, 249)  

Based on our results showing that low-dose RAASi have antifibrotic effects in T1DM 

kidneys, it seemed plausible that they might prevent fibrosis in the diabetic heart even at 

low doses, independent of blood pressure changes. We demonstrated that myocardial 

injury, accumulation of fibrotic connective tissue, and the increase of αSMA protein 

(indicative of activation and differentiation of myocardial fibroblasts) were alleviated 

following low-dose RAASi treatment, supporting their inherent antifibrotic potential. 

We investigated the possible molecular mechanisms and found that the elevated 

expressions of PDGF and CTGF were reduced in all RAASi-treated rats. 

It is widely accepted that chronic inflammation is a possible trigger for DCM. (250) IL-

6, a common pro-inflammatory factor, causes persistent myocardial damage and cardiac 

dysfunction, while also modulating the interstitial matrix of the heart towards 

hypertrophy through natriuretic peptide production. (251) Increased serum IL-6 levels 

in T2DM patients were associated with left ventricular dysfunction. (252) In our 

experiments, the elevation of IL-6 and NFκB in the left ventricle also indicated the 

activation of inflammatory pathways in T1DM. We also demonstrated that 

hyperglycaemia-induced cardiac inflammation was diminished by losartan treatment. 

Interestingly, other RAASi drugs were less effective than losartan in preventing cardiac 

inflammation, at least in this model. Together with recent literature (237, 253), our 

findings support the anti-inflammatory role of losartan as a possible mechanism of 

action in preventing CVD. 

VEGF plays a vital role in DM-induced cardioprotection and recovery of myocardial 

tissue. (254) Interestingly, VEGF production was protective in acute ischaemic or early 

diabetic conditions in murine kidneys. (255, 256) Still, in the heart under chronic 

hyperglycaemic conditions, VEGF increase detrimental effects in mice (257) and 

human T2DM patients as well. (258) We also found that VEGF protein level was 

elevated in T1DM rats, while it decreased over RAASi treatment.  

HSP72 is a significant component of the endogenous defence, which may protect 

against tissue damage by acting as a molecular chaperone, facilitating the refolding of 

denatured proteins and the maintenance of structural integrity. (259) A substantial role 
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for HSP72 in DM has emerged as it was recently found to be elevated in T2DM. (260) 

In line with this, our results showed the elevation of HSP72 in the heart of T1DM rats, 

and RAASi treatment ameliorated this response. Although TNF is also part of the 

proinflammatory pathway, it was decreased in diabetic heart tissue in our experimental 

setup. This could be explained by its downregulation by HSP72, which has already been 

shown in the literature. (261, 262) 

To further explore the role of inflammatory damage in DM-induced multiorgan 

complications, we investigated neuroinflammation in the brain related to DM-associated 

depression. Overactivation of local brain RAAS has been implicated in the 

pathophysiology of DM and certain neuropsychiatric disorders associated with 

neuroinflammation. (263, 264) Cerebral Ang II and aldosterone have been demonstrated 

to induce the release of proinflammatory cytokines. (265) In our diabetic rat model, we 

also found the activation of NFκB-mediated inflammatory response with elevated 

hippocampal IL-1, IL-6 and TNF levels. We showed that all RAASi mitigated the 

neuroinflammation. Based on these pathological findings, it is not that surprising that 

RAASi-treated hypertensive and T1DM patients have reduced depressive symptoms 

and require lower antidepressant dosages. (266, 267)  

Proinflammatory cytokines have a stimulatory effect on the hypothalamic-pituitary-

adrenal axis and contribute to changes in neuronal network activity, the release of 

neurotransmitters, neuronal growth and survival. (268, 269) IL-1 triggers the decline in 

cognitive function, worsens depression, and reduces BDNF expression in the 

hippocampus. (270, 271) Previously, we showed that ARB treatment mitigated the 

elevated neuroinflammation through NFκB, IL-1, and IL-6 in the brain of diabetic rats. 

(219) Our current results indicate that all RAASi can effectively reverse 

neuroinflammation and DM-induced reduction in BDNF levels. BDNF is synthesized as 

proBDNF, and then the N-terminal region is proteolytically cleaved by intracellular 

furin or extracellular MMPs to produce mBDNF. (272) We found that different RAASi 

act on different proteolytic cleavage pathways. Ramipril elevated extracellular MMP3, 

while the intracellular enzyme furin was increased by losartan and eplerenone. These 

results reveal potential pathways through which RAASi treatment can alleviate the 

detrimental neuronal effects of DM and comorbid depression.  
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6. Conclusions 
 

1. RAASi treatment mitigates glucose-induced O-GlcNAcylation and profibrotic 

growth factor changes, and restores the novel non-invasive biomarker of 

fibronectin turnover in human proximal tubular epithelial cells. Furthermore, in 

rat kidney fibroblast cells RAASi decrease proliferative and fibrotic 

morphological changes. 

 

2. Monotherapeutic treatment with low-dose RAASi is renoprotective and 

antifibrotic in T1DM rat kidneys. Novel urinary biomarkers can also trace 

improvement. 

 

3. Lyophilized sample processing effectively reduces data scatter while 

investigating focal fibrotic changes in rat kidney and heart. This is confirmed by 

lower variances of αSMA mRNA and protein levels in the lyophilized, 

homogenized samples than within the conventionally processed frozen samples. 

 

4.  As part of CV protection, RAASi attenuate vascular stiffness, intimal thickness, 

and medial fibrosis in diabetic rat aortas, and decrease cardiac tissue damage, 

fibrotic protein accumulation and profibrotic factor increment without changing 

the blood pressure. Furthermore, low-dose RAASi treatment can also interfere 

with hypoxic and inflammatory pathways in diabetic hearts. 

 

5. In DM-associated depression, RAASi can alleviate neuroinflammation via the 

NFκB inflammatory pathway and alter BDNF transformation by restoring 

cleavage enzymes. 
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7. Summary 
 

DKD is one of the most common and detrimental consequences of DM, associated with 

CVD and comorbid depression. International guidelines list RAASi as the gold-standard 

therapy, although it is still unclear whether their protective properties are associated 

with or restricted to their antihypertensive effect. The exact molecular pathways have 

not yet been fully explored in T1DM.  

Our primary goal was to explore the underlying mechanisms of the pleiotropic effect of 

monotherapeutic nondepressor-dose RAASi as protection against T1DM‐induced renal, 

cardiac, and cerebral complications with special focus on fibrosis and inflammation. 

Our previous experiments resulted in highly scattered data due to focal fibrosis, so we 

experimented with lyophilization during sample processing. We confirmed that using 

powdered homogenized samples improves the precision of measurements.  

Firstly, in vitro experiments revealed that monotherapeutic RAASi have antifibrotic 

properties, mitigate O-GlcNAcylation in hyperglycaemic proximal tubular cells, and 

inhibit the growth factor-induced activation of fibroblast cells.  

We also showed in vivo that monotherapeutic non-depressor dose RAASi treatment is 

renoprotective and antifibrotic in T1DM rats, and can also be monitored non-invasively 

by urinary biomarkers. Moreover, as part of CVD protection, RAASi attenuated arterial 

wall thickening, arterial stiffness increment, cardiac tissue damage and fibrosis without 

blood pressure changes. Furthermore, low-dose RAASi treatment also interfered with 

inflammatory pathways in the diabetic heart and brain. RAASi alleviated 

neuroinflammation and altered BDNF transformation by restoring cleavage enzymes in 

the hippocampi. 

Our results provide evidence for the antifibrotic and anti-inflammatory properties of a 

non-depressor dose of RAASi, offering a possible novel therapeutic indication for them 

in T1DM-associated renal and cardiac complications. Our findings also support the link 

between DM and depression, where monotherapeutic RAASi can target 

neuroinflammation and the BDNF pathway. Furthermore we also emphasize that 

lyophilisation can be a superior sample processing method for higher reproducibility in 

case of focal lesions such as fibrosis.  
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