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1. INTRODUCTION 

Chronic renal failure (CRF) due to renal fibrosis is a major and increasing health 

care problem worldwide. Progressive renal fibrosis due to ongoing inflammation is the 

final common pathway, regardless of the etiology (diabetes mellitus, hypertension, 

glomerulonephritis, lupus nephritis, etc.). The common underlying histological lesions 

comprise tubulointerstitial fibrosis, tubular atrophy and glomerulosclerosis (GS).  In our 

experiments, we analyzed the molecular mechanisms of progressive renal fibrosis and 

lupus nephritis in animal models. 

 

1.1 Introduction A (Renal fibrosis) 

Uncontrolled accumulation of extracellular matrix in glomeruli and 

tubulointerstitium (including type IV collagen and fibronectin) occurs in 

glomerulosclerosis (GS). During the process of GS, infiltrating inflammatory cells seem 

to play a major pathogenic role, by producing transforming growth factor-ß (TGF-ß) 

and inducing oxidative stress. 

Mechanical damage to the podocytes may be a key factor in the initiation and 

progression of GS. Stressed podocytes express angiotensin II (AngII) and TGF-ß. 

Oxidative stress (generation of reactive oxygen and nitrogen species) is considered to be 

an initiator of inflammatory response in the kidney. 

The renin-angiotensin system (RAS) is as a key mediator of kidney fibrosis, as 

overexpression of angiotensin II (AngII) aggravates inflammation through stimulation 

of cytokine synthesis and oxidative stress. Both clinical and experimental studies have 

proven the beneficial effect of angiotensin converting enzyme (ACE) inhibition (ACEI) 

on the progression of chronic kidney disease, although its impact on the various renal 

renin-angiotensin systems (RAS) is still poorly understood. 

The diseased kidney is a source of afferent signals that activate the sympathetic 

nervous system (SNS). Among hemodynamic effects, SNS modulates renin release and 

extracellular matrix production of mesangial cells. Blood pressure independent blockade 

of the sympathetic nervous system (SNS) has been shown to ameliorate kidney fibrosis 

in experimental and clinical studies.  

The present therapeutical approaches can just partly ameliorate the progression 

of kidney fibrosis. Therefore, an increasing number of combined interventions were 
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used to halt the progression, using drugs that target different renal systems involved in 

fibrosis (e.g. RAS plus SNS or RAS plus aldosterone receptor blockade). 

 

1.2 Introduction B (lupus nephritis) 

Systemic lupus erythematosus (SLE or lupus) is a chronic, generalized 

autoimmune disease with very heterogenous manifestations, affecting primarily the 

kidneys, skin, joints and the cardiovascular system. Lupus nephritis is a serious disease 

with progressive deterioration of kidney function, leading to CRF. The dominant feature 

of lupus nephritis is proteinuria, present in almost every patient. Glomerular histology 

shows mononuclear cell infiltration, and lesions are accompanied by glomerular IgG 

deposition. Tubulointerstitial damage is characterized by cellular infiltrates of 

monocytes and T-cells, accompanied by immune complexes in the tubular basement 

membrane in nearly 50% of patients with nephritis. The prognosis can usually be 

improved dramatically by treatment, but the treatment is potentially toxic, prolonged, 

complex and difficult to carry out. Thus, renal involvement is associated with 

significant mortality and morbidity.  

Cytokines may play a major role in the regulation of SLE. Murine as well as 

human lupus nephritis is associated with a predominant proinflammatory (IFN-γ) 

cytokine response. IL-10 may stimulate B-lymphocytes and inhibit cellular infiltration. 

In lupus patients, IL-10 overproduction has been demonstrated to be associated with 

autoantibody production and correlated with disease activity. 

The majority of patients are young women in childbearing age, thus the possible 

effect of pregnancy on progression is of great importance. Clinical data are 

contradictory, as some reports describe an adverse effect of gestation on disease 

progression, while others claim that pregnancy have no effect on lupus nephritis. 

Little is known about the pathophysiology of nephritis in pregnancy. Pregnancy 

induces a complex change in cytokine production, associated with a shift towards anti-

inflammatory cytokine predominance, with decreased proinflammatory cytokine 

production. Therefore, pregnancy is also referred to as a state of “immune tolerance”. 
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2. HYPOTHESIS AND SPECIFIC AIMS 

2.1 Specific aims A (Renal fibrosis) 

Blockade of the renin-angiotensin system or the sympathic nervous system were 

shown to ameliorate progression in experimental models of kidney fibrosis. However, 

monotherapies failed to constantly ameliorate the progression of renal fibrosis. 

Therefore, we hypothesized that the combination of ACE inhibition using quinapril and 

selective sympathetic denervation by dorsal rhizotomy is superior to the respective 

single interventions in the rat model of progressive glomerulosclerosis.  

 

Our specific aims were: 

1) analyze the progression of glomerulosclerosis using the model of renal mass 

reduction in rats treated with quinapril, rhizotomy, and both; 

2) assess and compare the histological indices of renal damage 

(glomerulosclerosis index, tubulointerstitial and vascular damage); 

3) using stereological techniques, investigate changes in glomerular 

capillarisation, glomerular cell density, and ultrastructure of podocytes, 

mesangial cells and endothelilal cells;  

4) analyze the expression of fibrosis-related molecules (TGF-ß1, collagen IV); 

5) to investigate the role of nitros-oxidative stress (as a marker of 

inflammation) in our model, we aimed to assess the expression of nitric 

oxide synthase isoforms (eNOS and nNOS) and nitrotyrosine using 

molecular methods. 

 

 

 

2.1 Specific aims B (Lupus nephritis) 

Based on the observed shift to systemic anti-inflammatory immune response in 

pregnancy, it has been suggested that pregnancy may have a beneficial influence on 

systemic autoimmunity. We hypothesized that, due to the cytokine shift observed in 

normal mice, pregnancy may delay the progression of kidney disease in lupus prone 

MRL/lpr mice.  
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Our specific aims were: 

1) as lupus is a chronic disease, we aimed to develop a model of long-term 

pregnancy-induced systemic cytokine shift, using MRL/lpr mice having 3 

consecutive pregnanccies (multiparous mice); 

2) evaluate the progression of systemic autoimmunity (anti-dsDNA titers, 

serum IFN-γ levels) in multiparous mice and age-matched non-pregnant 

(virgin) control females; 

3) compare survival data of multiparous and virgin mice; 

4) evaluate the progression of lupus nephritis by monthly determination of 

proteinuria (to estimate kidney function) and by standard renal histology; 

5) compare the severity of immuncomplex mediated glomerular damage by 

immunohistochemistry for IgG and C3 deposits; 

6) assess local pro-inflammatory and anti-inflammatory cytokine expression in 

the kidneys (IFN-γ, IL-4 and IL-10) using molecular methods. 

 

3. MATERIALS AND METHODS  

3.1 Experimental design A (Renal fibrosis) 

 Animal model 

Twenty-week-old male Sprague-Dawley rats (350-400 g) were used in our 

study. To induce renal fibrosis, we used the well established model of subtotal (5/6) 

nephrectomy (SNX). After SNX or sham operation (Sham), rats underwent resection of 

dorsal roots, i.e. rhizotomy (R) or sham rhizotomy. Subsequently, they received tap water 

or Quinapril (Q, 10 mg/kg/day) in drinking water for 16 weeks (n=18/group). The 8 

treatment groups were as follows: 1) Sham (untreated); 2) Sham + R; 3) Sham + Q; 4) 

Sham + Q + R; 5) SNX (untreated); 6) SNX + R; 7) SNX + Q; 8) SNX + Q + R. In 2 

animals per group, telemetric transmitters were implanted into the abdominal aorta at 

the uninephrectomy operation.  

 

 Measurement of kidney function 

At the beginning and at the end of the study, rats were kept in metabolic cages 

for 24 hours, and urine samples were collected.  Urinary albumin excretion was 

determined using a microplate solid phase sandwich ELISA.  
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At the end of the study, systolic blood pressure was measured in all rats  while 

conscious by tail-cuff electrosphygmomanometry. In addition, in 2 animals per group 

telemetric blood pressure was measured using the system of Data Sciences 

International. Results are given as the mean of 150-min readings on 3 consecutive days. 

 

Perfusion harvest and tissue preparation 

At week 16 the rats were harvested by retrograde perfusion via the abdominal 

aorta at constant pressure. For morphometric analysis (n=7/group), 3% glutaraldehyde 

solution was used. For immunohistochemical analysis, 10 animals per group were 

perfused with ice-cold 0.9% NaCl. The glutar-perfused kidneys were sectioned in a 

plane perpendicular to the interpolar axis, and ten small pieces were cut and embedded 

in Epon-Araldite. Semithin (1 µm) sections were prepared and stained with toluidine 

blue. The remaining tissue was embedded in paraffin; 4 µm sections were stained with 

periodic acid-Schiff (PAS). Half of the saline-perfused kidneys were immersion fixed in 

4% buffered formaldehyde, embedded in paraffin, and cut into 4-µm-thick sections. The 

other half of the kidneys were snap-frozen in liquid nitrogen for mRNA expression 

analysis. 

 

Immunohistological methods 

Paraffin sections were stained using the avidin-biotin method. Samples were 

blocked with goat serum, and incubated with the respective primary antibodies (TGF-ß1, 

collagen IV, eNOS, nNOS, nitrotyrosine). After washing, the respective biotinylated 

secondary antibody and consecutively streptavidine-conjugated alkaline phosphatase  

was  applied. Staining was developed with Fast red. Slides were evaluated in a blinded 

manner using a semiquantitative scoring system (grades 0-4).  

 

Semiquantitative examination of the kidney - indices of renal damage 

To evaluate pathologic alterations on PAS-stained paraffin sections, 

glomeulosclerosis index (GSI), tubular and interstitial damage index (TDI, IDI), and 

vascular damage index (VDI) were assessed. Determination of GSI (400x 

magnification, grades 0-4), tubular (TDI, grades 0-3) and interstitial damage (IDI, 
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grades 0-3) were performed in a blinded manner. Quantification of vascular damage 

was performed using 200x magnification (grades 0-4). 

 

Glomerular morphometry and stereology 

We used the point counting method at a magnification of x400 on PAS sections, 

using a 100-point Zeiss eyepiece. The number of glomeruli per area was counted, and 

the mean glomerular tuft volume (mVGlom) was calculated. The number of glomeruli 

(NGlom) per kidney was used to estimate the extent of surgical nephron reduction and 

mVGlom was used to estimate the extent of glomerular enlargement. Glomerular 

mesangial matrix volume (VMatrix) was calculated as the fractional mesangial matrix 

volume of the glomerular capillary tuft. 

In 5 semithin sections per animal glomerular cell number and volume 

(podocytes, mesangial and endothelial cells) were analyzed using an eyepiece for point 

counting (see above) at a magnification of 1000x (oil immersion). The length density of 

glomerular capillaries (LV: mm capillary/mm3 glomerular tuft volume) was determined, 

excluding the effect of hypertrophy. Furthermore, glomerular capillary length for the 

whole kidney (Lc), i.e. total capillary length, was determined. 

 

 Expression analysis of TGF-β1 and eNOS mRNA 

Total RNA was isolated from whole kidneys using SV Total RNA Isolation 

System (Promega). RNA concentration and integrity were determined. Reverse 

transcription was performed using 1 µg RNA and random primers. All quantitative PCR 

reactions (TGF-β1, eNOS, GAPDH) were performed on a LightCycler real-time PCR 

system (Roche). The samples were normalized to glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) expression. 

 

 Statistical analysis 

Data are presented as mean ± standard deviation (SD). Data were tested for 

normal distribution using the Kolmogorov-Smirnov test. For data with normal 

distribution, one-way ANOVA was used to compare the groups. Otherwise, Kruskal-

Wallis test was chosen for analysis of variance, followed by Duncan's multiple range 
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test, to test for differences between groups. The zero hypothesis was rejected if the 

probability of error (p) was less than 0.05. 

  

3.2 Experimental design B (Lupus nephritis) 

 Animal model: MRL/lpr lupus prone  mice 

We used MRL/lpr (MRL/MpJ-fasTnfsrlpr) female mice in our experiments. Mice 

were divided randomly into two groups (n=29/group) at 7 weeks of age. The 

multiparous (M) group females were mated three times consecutively with NMRI males 

and weaned immediately after parturition to exclude the possible immunmodulatory 

effects of lactation. Allo-matings were performed to model allogenic human 

pregnancies. Mice of the virgin (V) group were housed apart, two virgin females were 

kept per cage. 

  

Assesment of kidney function and blood pressure 

Twenty-four hour urine samples were collected from all animals at 8, 12, 16, and 

20 weeks of age. Proteinuria (mg protein/24h) was measured photometrically using the 

Bradford method. Blood samples were obtained by retro-orbital puncture, and urea 

levels were determined. Blood pressure was measured at the time of harvest with a non-

invasive tail cuff blood pressure system. 

 

Flow cytometry 

Blood lymphocytes were used to evaluate the immune state of the animals by 

analyzing the percentage of CD4- , CD8-, CD3+, B220+ cells by flow cytometry with the 

appropriate antibodies. For B-cell staining, CD19+, B220+ cells were counted. Surface 

antigen expression was analysed using a FACSCalibur® flow cytometer (Becton 

Dickinson) and evaluated with CellQest software.  

 

ELISA of plasma INF-γ and anti-dsDNA autoantibody levels 

Plasma IFN-γ levels were measured using a supersensitive IFN-γ ELISA kit 

(Bender MedSystems) following the manufacturer’s instructions. 

The levels of anti-dsDNA antibodies were evaluated from plasma samples at 

specific time points (8, 12, 16, 20 weeks of age) using anti-dsDNA ELISA.  
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Histology of the kidneys 

Kidney samples were fixed in 10% buffered formalin and embedded in paraffin. 

Four µm sections were cut and were stained with hematoxylin-eosin (H&E), PAS or 

Crossman’s tri-chrome. Kidney lesions were scored in a blinded manner. 

Glomerulosclerosis index and the tubular, interstitial and vascular damage scores were 

assessed on PAS stained sections. Perivascular cell accumulation was determined 

semiquantitatively at 400x magnification by scoring the number of cell layers 

surrounding  the medium-sized vessels (grades 0-3). Periglomerular infiltration was 

scored in a similar way, counting the infiltrating cell layers around the glomeruli 

(grades 0-2). 

 

Renal IgG and C3 deposition, and CD3+ infiltration 

IgG deposition in cryostat kidney sections was evaluated by direct 

immunfluorescence staining, using a fluorophor-conjugated anti-mouse IgG antibody. 

The fluorescence intensity within the peripheral glomerular capillary walls were 

analyzed. 

Complement-3 deposition was evaluated in cryostat kidney sections by 

immunohistochemistry. After applying the anti-mouse C3 antibody and quenching 

endogen peroxidase, HRP-conjugated rabbit anti-goat antibody was applied and AEC 

substrate was added. Glomerular staining was evaluated counting 30 glomeruli per 

sample, with a semiquantitative score system (grades 0-4). 

 The infiltration of CD3+ cells per kidney was determined on paraffin sections 

with monoclonal anti-CD3 antibody. The slides were anaylzed by counting the positive 

cells in 10 randomly selected high power fields. The results are expressed as CD3+ cells 

per mm2. 

 

Cytokine mRNA expression 

RNA from kidney samples was extracted with the phenol-chloroform method 

(Trizol). The RNA was quantified and reverse transcribed, followed by amplification 

for IFN-γ, IL-10, IL-4 and β-actin on an ABI Prism 7700 real-time PCR system. All 

samples were normalized regarding their β-actin content. 
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Statistical analysis 

Results are shown as medians ± 75% quartiles (for non-parametric data) or 

means ± SD (for parametric data). The Kolmogorov-Smirnov test was performed to 

analyze distribution normality. Mann-Whitney-test was applied to analyze all non-

parametric data and Student’s t-test was employed for normally distributed values. 

Kaplan-Meier and log-rank tests were made for survival analysis. 

 

4. RESULTS 

4.1 Results A (Renal fibrosis) 

SNX rats had significantly higher serum creatinine and serum urea 

concentrations than sham operated animals. These values were significantly lower in the 

animals on combined intervention. Albuminuria was strikingly higher in untreated SNX 

compared to sham, and significantly lower in SNX after rhizotomy alone compared to 

untreated SNX. It was also lower in SNX on Quinapril but lowest on combined 

intervention. Blood pressure by telemetry was not influenced significantly by therapies.  

Combination therapy markedly reduced both glomerulosclerosis, tubular damage 

and interstitial fibrosis. We noted a compensatory glomerular hypertrophy in all SNX 

groups, which was significantly lower after Quinapril treatment. The length density as 

well as the total length of capillaries per kidney was significantly less after SNX, 

reflecting capillary loss or obliteration as a result of glomerulosclerosis. Rhizotomy, but 

not Quinapril, almost normalized capillary length density. The matrix/tuft ratio was 

higher in SNX and was significantly lower in Quinapril treated SNX, but was not 

affected by rhizotomy. The number of podocytes per glomerulus remained unchanged, 

but the podocyte volume was strikingly increased in SNX. It was significantly lower in 

the Quinapril group and in rats on combination therapy, but not affected by rhizotomy  

Glomerular collagen content increased after SNX, but it was significantly 

reduced by combination treatment. Tubulointerstitial collagen deposition was prevented 

by all interventions. Glomerular TGF-β1 expression was only reduced to sham levels by 

combined intervention, but not affected significantly by Quinapril or rhizotomy. 

Nitrotyrosine staining marked the oxidative stress of podocytes. The staining was more 

intense in untreated SNX rats compared to sham-operated rats. It was not affected by 
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rhizotomy, but reduced to some extent by quinapril and completely normalized by 

combined intervention. 

  

4.2 Results B (Lupus nephritis) 

We expected an improvement of renal pathology and survival in multiparous 

animals due to a continous shift towards anti-inflammatory cytokine production as a 

consequence of repeated pregnancies. In contrast to our expectations, the life span of 

multiparous females was significantly shortened to 20 weeks. Only 30% of multiparous 

mice were alive at the age of 20 weeks compared to 78% of virgin mice.  

Proteinuria levels started to increase at 12 weeks of age and reached high levels 

at week 20 in multiparous animals, while virgin mice showed only mild increase in 

proteinuria. Proteinuria of multiparous mice after the first pregnancy was significantly 

higher than before pregnancy. In addition, surviving multiparous animals showed 

significantly worsened kidney function. Blood urea levels closely paralleled proteinuria. 

The severe kidney dysfunction was accompanied by elevated mean arterial blood 

pressure in multiparous mice compared to virgin animals. 

Histological evaluation of the kidneys showed that renal lesions were markedly 

increased in multiparous mice according to the functional data. Both glomerulosclerosis 

and tubulointerstitial damage as well as perivascular infiltration were more severe in the 

multiparous group. However, there was no difference in the extent of periglomerular 

infiltration. The number of CD3+ infiltrating cells in the kidneys did not differ between 

the two groups. Evaluation of cryostat kidney sections showed an increased deposition 

of both IgG and C3 in multiparous mice. 

Multiparous mice had lower proportion of CD8+ T-cells in blood samples, but 

there was no difference in the percentage of  CD4- CD8- B220+ cells or CD19+ B-cells 

between the groups. Anti-dsDNA antibody levels in the plasma of multiparous animals 

were similar to those of virgin mice. 

We observed significantly diminished plasma IFN-γ levels in multiparous mice 

when compared to virgin animals at the time of harvest. To evaluate whether altered 

cytokine production at the organ level could contribute to the changes seen in the 

kidney, IFN-γ, IL-10 and IL-4 mRNA levels were measured in the kidneys. 
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Interestingly, in the kidneys of multiparous mice, expression of IFN-γ, IL-10 and IL-4 

were all significantly higher compared to virgins.  

 

6. CONCLUSIONS 

6.1 Conclusions A (Renal fibrosis) 

In subtotally nephrectomized rats, concomitant abrogation of sympathetic 

activity strikingly augments the effect of ACE inhibition. Besides lowering sympathetic 

RAS stimulation, rhizotomy has RAS and blood pressure independent beneficial effects. 

Combined intervention prevented oxidative stress of podocytes, ameliorated 

hyperfiltration induced podocyte injury, and both glomerular and tubulointerstitial 

fibrosis. Hemodynamic independent effects of ACE inhibition / SNS inhibition 

strikingly ameliorated glomerular and tubulointerstitial inflammatory damage. This 

observation provides a rationale for combination treatment, providing additional 

renoprotection to single interventions. 

 

6.2 Conclusions B (Lupus nephritis) 

We first demonstrated a dramatic aggravation of lupus nephritis in mice 

undergoing multiple pregnancies, accompanied by significantly shortened lifespan. Our 

data suggest that systemic autoimmunity and kidney disease may be regulated 

differently from each other during pregnany in MRL/lpr mice, and both IFN-γ and IL-

10 may be important regulatory cytokines at the organ level. Thus, our data support the 

hypothesis that the kidney is not simply an “innocent bystander” in SLE, but local - 

possibly cytokine driven – mechanisms determine the faith of the kidney in this 

systemic disease. 

 

My work in Berlin and Heidelberg was partly supported by the 

intergovernmental collaboration project between Hungary and Germany by the 

Hungarian Ministry of Education (Project Nr: 6) and the German Academic Exchange 

Service (DAAD). 
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