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ABBREVIATIONS 

 

ACE angiotensin converting enzyme 

ACEI angiotensin converting enzyme inhibitor 

AngII angiotensin II 

ANOVA analysis of variance 

AT1 angiotensin receptor type-1 

BUN blood urea nitrogen 

BW body weight 

C3 complement-3 

CRF chronic renal failure 

ECM extracellular matrix 

eNOS endothelial nitric oxide synthase (NOS-3) 

ESRD end-stage renal disease 

dsDNA double-stranded DNA 

IFN-γ interferon gamma 

IgG immunglobulin-gamma 

IDI interstitial damage index 

IL-4 interleukin-4 

IL-10 interleukin-10 

GAPDH glyceraldehyde 3-phosphate dehydrogenase 

GN glomerulonephritis 

GS glomerulosclerosis 

GSI glomerosclerosis index 

H&E hematoxylin-eosin 

KW kidney weight 

M multiparous 

mVGlom mean glomerular volume 

NO nitric oxide 

nNOS neuronal nitric oxide synthase (NOS-1) 

NGlom total number of glomeruli per kidney 

Q Quinapril 
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PAS Periodic-acid Schiff 

R Rhizotomy 

RAS renin-angiotensin system 

ROS reactive oxygen species 

RT-PCR reverse transcriptase polymerase chain reaction 

SD standard deviation 

SLE systemic lupus erythematodes 

SNS sympathetic nervous system 

SNX subtotal nephrectomy 

ssDNA single-stranded DNA 

TGF-ß transforming growth factor-beta 

Th1 T-helper type 1 

Th2 T-helper type 2 

TDI tubular damage index 

VDI vascular damage index 

V virgin 

VMatrix volume of mesangial matrix relative to glomerular tuft volume 

VTuft glomerular tuft volume 
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1. INTRODUCTION 

 

End-stage renal disease (ESRD) is a major and increasing health care problem 

worldwide [1]. ESRD develops secondary to various renal diseases such as diabetes 

mellitus, essential hypertension, or systemic lupus erythematosus (SLE). The number of 

ESRD patients is growing exponentially, and the average annual incidence of ESRD 

reached about 135 new patients per million of population in Europe [2], but even higher 

in the United States [3]. 

 

1.1 INTRODUCTION A (RENAL FIBROSIS) 

 

Progressive renal fibrosis  is the final common pathway of chronic renal diseases 

of different etiologies, being one of the major challenges in nephrology. This 

nonspecific process continues even when the initial insult is no longer present. 

Regardless of the primary cause, the common underlying histological lesions comprise 

tubulointerstitial fibrosis, tubular atrophy and glomerulosclerosis (GS). Although many 

details of GS were revealed in the last decades, and several molecular mechanisms have 

been proven to play a major role in the development and progression, its pathogenesis is 

still poorly understood and successful, curative therapies are still not available. 

 Glomerulosclerosis consists of the uncontrolled accumulation of extracellular 

matrix (including type IV collagen and fibronectin) in glomeruli and tubulointerstitium, 

and obliteration of the capillary filter that contribute to the loss of renal function [4, 5]. 

Factors known to promote sclerosis include high intraglomerular capillary pressure [6, 

7], mechanical sterss and glomerular hypertrophy [8, 9] and the excessive passage of 

plasma proteins through the glomerular capillary filter [10].  

During the process of GS and renal scarring, infiltrating inflammatory cells seem 

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

major pro-fibrogenic growth factor) and inducing oxidative stress. Furthermore, 

elevation of angiotensin II (AngII) aggravates inflammation through stimulating 

cytokine synthesis and oxidative stress. 
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1.1.1 Hemodynamic factors in glomerulosclerosis 

Shear stress induced by elevated intraglomerular capillary pressure leads to 

injury, activation, and dysfunction of the glomerular endothelium, which in turn 

initiates glomerular microinflammation, activating macrophages and mesangial cells 

with proliferation and dysfunction of mesangial cells. Communication between cells 

depends on the release of a wide range of cytokines and growth factors [11]. 

Transforming growth factor β1 (TGF-β1) is a profibrotic growth factor that lies in a final 

common pathway for multiple causes of GS. Under the influence of TGF-β1, mesangial 

cells regress to an embryonic mesenchymal phenotype (mesangioblasts) capable of 

excessive production of extracellular matrix (ECM) leading to mesangial expansion, an 

early sign of glomerulosclerosis [12]. 

 

1.1.2 Podocytes play a key role in the progression 

Podocytes are the most differentiated cells within the glomerulus. Synthesizing 

various components of the glomerular basement membrane and the slit diaphragm, they 

are crucially involved in the maintenance of the glomerular filtration barrier [13].  

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

progression of GS (for a schematic diagram, see Figure 1), either as a result from direct 

injury or from the reduction in the cell density due to compensatory glomerular 

hypertrophy [8, 10, 14]. Podocytes are stretched in progressive GS which leaves areas 

of denuded glomerular basement membrane and favours the formation of adhesion to 

the Bowman's capsule [13].  

It has been recently demonstrated that mechanical stress increases AngII 

synthesis in cultured podocytes [15]. Activation of podocytes and elevated AngII levels 

trigger mesangial cells to further express TGF-β1. Moreover, it has been shown that 

TGF-β1 synthesis by podocytes is stimulated by protein overload [16].  
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Figure 1. The contribution of podocyte injury to glomerulosclerosis. After shear 

stress injury due to overactivation of the sympathetic nervous system (SNS), AngII or 

hypertension, podocytes undergo apoptosis and/or detachment. These events lead to a 

decrease in podocyte number (podocytopenia), which contributes to the development of 

progressive glomerulosclerosis. Apoptosis results from increased TGF-ß, AngII and 

oxidative stress. In contrast to other glomerular cells, podocytes are highly 

differentiated cells and do not typically proliferate in response to injury, therefore they 

cannot replace those podocytes lost by apoptosis and detachment. 

 

 

After experimental renal mass reduction, proteinuria leads to the loss of 

podocyte architecture and fusion of foot processes, then cells undergo effacement of 

foot processes, cell detachment from the basement membrane and tuft adhesion to the 

Bowman capsule (Figure 2.) [17, 18]. Low protein diet is proven to retard glomerular 

damage after subtotal nephrectomy (SNX) [19], supporting the deteriorating effects of 

protein overload. These factors altogether result in excessive synthesis of glomerular 

extracellular matrix and eventual GS [20-22] 
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Figure 2. Typical electronmicroscopic findings of podocyte ultrastructure in 

healthy and damaged podocytes. Ultrathin slides from our experiment, stained with 

uranyl acetate and lead citrate. Magnifications x4000 (bar: 10 µm). A: Podocytes of 

sham operated rat have normal size and ultrastructure. B: SNX rat, showing enlarged 

podocyte, fusion of foot processes (arrows), and signs of degeneration (formation of 

apoptotic bodies (ab) and pseudocysts (c)). 
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1.1.3 Oxidative stress in chronic renal disease  

Evidence of increased oxidative stress have also been documented in several 

animal models of renal failure [23-25]. Interstitial recruitment of inflammatory 

leukocytes and myofibroblasts occur early in renal fibrosis, and recruited macrophages 

secrete many pro-fibrogenic molecules. The generation of free radicals (reactive oxygen 

and nitrogen species) is considered to be an initiator of inflammatory response in the 

kidney [26]. Reactive oxygen species (ROS) generated in uremia avidly react with nitric 

oxide (NO), and its widespread sequestration as nitrated proteins (nitrotyrosine) [27] 

necessarily limits the  bioavailability of NO in animals with chronic renal failure (CRF). 

In this regard, several studies have pointed to the possible reduction of NO production in 

CRF. For instance, renal insufficiency has been shown to cause accumulation of 

endogenous NOS inhibitors (methylated L-arginine derivatives and guanidino 

compounds), which can potentially depress NO production in CRF [28, 29]. In addition, 

rats with renal mass reduction show reduced urinary excretion of NO metabolites (total 

nitrates + nitrites) and diminished histochemically detectable NOS in the remnant 

kidney, suggesting reduced renal NO production [30]. 

 

1.1.4 The role of RAS on progression – more complex than we thought? 

The blood pressure-independent role of the renin-angiotensin system (RAS) in 

progressive deterioration of renal function has been firmly established in animal 

experiments [31, 32]. The RAS is a coordinated hormonal cascade leading to the 

production of angiotensin II, controlling cardiovascular, renal, and adrenal function that 

governs fluid and electrolyte balance, and arterial pressure [33]. The classical RAS 

begins with the biosynthesis of renin, a 340-amino-acid glycoprotein, in 

juxtaglomerular cells [34]. Following its release, renin cleaves the decapeptide 

angiotensin I from the circulating glycoprotein angiotensinogen. Angiotensinogen 

synthesized in the liver provides the majority of systemic circulating angiotensin 

peptides, but angiotensinogen is also synthesized and constitutively released in other 

tissues including the heart, vasculature, kidneys, and adipose tissue. Angiotensin 

converting enzyme (ACE) cleaves a dipeptide sequence from angiotensin I to yield the 

octapeptide angiotensin II (AngII) [34]. Ang II mediates most of its effects via binding 

to G-protein-coupled AT1 receptors. In the kidney, angiotensin II binding to AT1 
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receptors (present in nephron segments, interstitial cells, and the vasculature) stimulates 

vasoconstriction, sodium and water retention, and several non-hemodynamic responses.  

Within the glomerulus, AngII reduces the ultrafiltration coefficient and modulates 

glomerular capillary permselectivity leading to proteinuria, initiating and increasing 

subsequent tubulointerstitial injury [31, 35]. AngII is a growth factor of glomerular 

mesangial and endothelial cells, tubular epithelial cells and fibroblasts [36, 37]. Ang II 

causes cellular hypertrophy [37], induces apoptosis [38], increases the expression of 

TGF-β and stimulates synthesis of extracellular matrix proteins such as collagen type IV 

[36, 37]. Ang II also acts as proinflammatory cytokine and promotes oxidative stress 

[37, 39].  

Accumulating evidence suggest that local renin-angiotensin systems (RAS) exist 

in various tissues, among others in the kidney. A complete RAS has been localized in 

proximal tubular cells [40]. It has been recently suggested that local RAS may play an 

important role in the progression of kidney fibrosis, as renal injury activates the local 

RAS directly or indirectly [37]. Moreover, differentiated human podocytes express all 

RAS components required to generate AngII [41]. This RAS appears to be involved not 

only in physiological mechanisms, but also in pathological responses [15, 42]. For 

example, AngII blockade reduces experimentally induced tubulointerstitial fibrosis [43]. 

Moreover, AngII itself can induce the apoptosis of podocytes [44]. Therefore, inhibition 

of AngII effects in podocytes might lower podocyte tonus, decrease the rate of 

apoptosis, and increase glomerular permselectivity [45]. Indeed, a recent study 

demonstrated that ACE inhibition had a protective effect in a mouse model of focal 

segmental GS, when started early after podocyte injury [46]. 

In renal injury, the induction of RAS leads to the aggravation of kidney disease, 

therefore RAS was early recognized as a potential therapeutical target. The angiotensin 

converting enzyme (ACE) inhibitors have been available for use in the blockade of the 

renin-angiotensin system for two decades [47]. Both clinical and experimental studies 

have proven the beneficial effect of ACE inhibition (ACEI) or angiotensin receptor 

blockade on the progression of chronic kidney disease [48-52]. It has been recently 

shown that ACEI treatment prevents the early onset of proteinuria in experimental 

diabetes, independently of systemic or glomerular hemodynamic changes [53]. Clinical 

studies have impressively demonstrated markedly reduced proteinuria and progression 
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of glomerular disease [48, 51, 52, 54] in patients treated with ACEI. Moreover, limited 

evidence from experimental and clinical studies show, that ACEI may even cause 

regression of renal disease [55]. 

 

1.1.5 Kidney damage activates the sympathetic nervous system 

 An influence of sympathetic innervation on renal function was first recognized 

in 1859 when Claude Bernard observed that in anaesthetized anuric dogs urine flow 

resumed when splanchnic nerves were cut [56]. The kidney is also a source of signals 

that modulate the activity of the sympathetic nervous system (SNS). The effects can be 

broadly categorized into: (1) effects on renal haemodynamics, i.e. alpha-1-adrenergic 

receptor mediated vasoconstriction [57], (2) stimulation of renin release from the 

juxtaglomerular granular cells mediated via beta-1-adrenergic mechanisms [58], and (3) 

direct stimulation of transtubular sodium reabsorption mediated by alpha-2- and alpha-

1-adrenergic receptors located in the peritubular membranes [59]. There is also 

experimental evidence that the SNS modulates extracellular matrix production of 

mesangial cells via alpha-1-adrenergic receptors [60]. 

Renal chemoreceptors [61], and mechanoreceptors are known to mediate, at 

least in part, the blood pressure increase in response to elevated pressures in the renal 

vein, the ureter and interlobular arteries [62]. Such afferent signals may be important in 

the diseased kidney, which activates the sympathetic nervous system (SNS) via afferent 

signals [63]. 

The first clinical study showing sympathetic overactivity in kidney disease in 

diabetic patients was provided by the microneurographic study of Converse and 

collgegues in 1992 [64]. Campese and colleagues [65, 66] documented activation of the 

SNS in models of renal damage. Dorsal rhizotomy abrogated ascending stimulatory 

signals emanating from the kidney. This intervention reduced elevation of blood 

pressure and attenuated renal disease progression. In addition, blockade of sympathetic 

activity either by a central sympathetic inhibitor [67] or a beta-blocker [68] attenuated 

progression independently of blood pressure both in the remnant kidney model and in 

clinical studies [69]. However, it has remained undecided whether the beneficial effect 

of reduced sympathetic activity is mediated via reducing renin secretion from 

juxtaglomerular apparatus or whether the effect is renin-independent. The systemic 
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inhibition of SNS may lead to confounding effects, as inhibition of the efferent renal 

sympathetic nerves may increase renal resistance [70] and cause denervation natriuresis 

[71] leading to a rebound activation of RAS. Thus, the selective inhibition of renal 

afferent sympathetic signals by rhizotomy was preferred as a clearer experimental 

alternative. 

Recently, several studies have emphasized the role of the SNS in progressive 

kidney disease. Hendel and collegues demonstrated that renal denervation attenuated the 

hypertensive effects of AngII infusion in the rat [72]. In CRF patients, blockade of 

AngII also reduced the sympathetic overactivity [73]. Moreover, a cross-sectional study 

concluded that elevated andrenergic activity correlates with albuminuria, independent of 

blood pressure [74]. 

 

1.1.6 Therapeutical possiblities to halt progression 

It has recently been emphasized that none of the current interventions including 

blockade of the RAS and of the SNS is completely effective in constantly abrogating 

progression [75]. On one hand, the activity of systemic and local RAS does not change 

in parallel. Acute, systemic administration of ACEI results in almost complete 

inhibition of systemic AngII formation, but affects intrarenal AngII production little or 

not at all [76]. On the other hand, although acute ACEI treatment markedly decrease 

circulating AngII levels [77], a rebound rise in AngII in patients taking ACE inhibitors 

over long periods is often observed [78, 79]. A recent experiment showed the beneficial 

effetc of locally delivering angiotensin receptor blockers in rat kidneys  [42] but this 

interesting therapeutical approach is definetly not suitable in the everyday treatment of 

CRF patients.  

Moreover, other enzymes in the kidney, such as chymases, convert angiotensin I 

to AngII. Chymases are serine proteases which were first described in cardiovascular 

tissues [80]. ACE inhibitors does not inhibit chymase activity, and recent clinical data 

demonstrate that the expression of chymases in kidneys of diabetic patients correlated 

with ECM deposition [81]. 

It has therefore been argued that the interventional strategies of the future will 

presumably be combined interventions, e.g. RAS plus SNS or aldosterone receptor 

blockade [82, 83]. 
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1.2. INTRODUCTION B (LUPUS NEPHRITIS) 

 

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

autoimmune disease characterized by pathogenic autoantibody overproduction [84]. The 

autoantibodies are produced against a variety of self components (ssDNA, dsDNA, 

nucleoproteins, etc) [85]. It is a complex disease with very heterogenous manifestations, 

affecting several organs, primarily the kidneys, skin, joints and the cardiovascular 

system. 

The first known descriptions of SLE originate in the middle ages. The term 

“lupus” is attributed to the 12th century physician Rogerius, who used it to describe the 

classic malar rash. It was Móric Kaposi who recognized the systemic manifestations of 

the disease in 1872. In 1894, quinine was first reported to be an effective therapy for the 

disease. Four years later, the combination of salicylates with quinine was noted to have 

a superior effect. This was the best available treatment to patients until the middle of the 

twentieth century, when Hench discovered the efficacy of corticosteroids in the 

treatment of SLE. 

 

1.2.1. Epidemiology of lupus 

The reported prevalence of SLE in the population varies between 20-130 cases 

per 100,000 in recent studies (reviewed in reference [86]). Due to improved detection of 

mild disease, the incidence has nearly tripled in the last 40 years [87]. Estimated 

incidence rates in USA and Europe range from about 2 to 5 per 100,000 per year [88]. 

Lupus can occur at any age, but 65% of patients with SLE have disease onset between 

the ages of 16 and 55 and it is rare before puberty. There is an increased frequency of 

SLE among women that is thought to be due to an estrogen hormonal effect [89]. This 

estrogen effect is reflected by the female:male ratio of SLE in different age groups. The 

ratio rises from 3:1 in children up to 10-15:1 in adults but falls back to approximately 

8:1 in patients over 60 years of age [90]. These data are in accordance with murine 

models of lupus, in which estrogens are precipitating factors in the development of the 

disease. 
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The course of SLE is unpredictable, with periods of illness (called flares) alternating 

with remission. The progressive deterioration of kidney function and cardiovascular 

complications [91] are the most common cause of death among SLE patients. Lupus 

nephritis is a serious disease whose prognosis can usually be improved dramatically by 

treatment, but for which the treatment is potentially toxic (mainly corticosteroids and 

other immunosuppressants), prolonged, complex and difficult to carry out. Thus, renal 

involvement is associated with significant mortality and morbidity. 

 

1.2.2. Clinical and histological features of lupus nephritis 

Among SLE patients, up to 60% of adults and 80% of children may develop 

overt renal abnormalities. The dominant feature of renal lupus is proteinuria, present in 

almost every patient. This can be accompanied by microscopic hematuria in about 80% 

of the cases, while hypertension occurs in only 20-50% of the patients [92].  

Glomerular histology shows mononuclear cell infiltration, and lesions vary from focal 

segmental glomerulonephritis to diffuse membranous glomerulonephritis (see Figure 3), 

accompanied by glomerular IgG deposition. 

Tubulointerstitial damage accompanies glomerular lesions, characterized by 

cellular infiltrates of monocytes and T-cells which may also invade the tubules 

(“tubulitis”) contributing to the impairment of renal function. Immune complexes in the 

tubular basement membrane are present in about 50% of patients with nephritis [92]. 

Lupus nephritis is a severe disease, but now only 10-15% of patients develop end-stage 

kidney failure [93]. The overall five-year survival of patients with lupus nephritis 

increased to 82% in the 90’s compared to 44% between 1950-1969 [92]. 
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Figure 3. Photomicrograph of human kidney biopsies with A: focal segmental GN and 

C: diffuse membranous GN (PAS, 200x), B, D: immunefluorescence micrograph 

illustrating massive glomerular IgG deposition (260x). Source: ref. [92] 

 

1.2.3. Experimental model of SLE 

Mouse models of SLE have been studied over 3 decades. Spontaneous SLE in 

murine models is characterized by high levels of serum autoantibodies (eg.  against 

double-stranded DNA (dsDNA)). The mice also develop severe, progressive  

glomerulonephritis with glomerular immune complex deposits, mesangial expansion, 

glomerulosclerosis, interstitial fibrosis and fatal renal failure. The MRL/MpJ-Faslpr 

mouse strain (lpr) is a well known model of murine systemic autoimmunity [94]. 

MRL/lpr mice spontaneously develop a severe autoimmune disease, which shares most 

clinical signs and symptoms of human lupus. The lpr mutation is characterized by the 

insertion of an endogen retrovirus, a 5.3 kb early transposone element (ETn) into the 

second intron of the TNF-R superfamily Fas gene, causing a defective Fas molecule 

[95]. As the mutant Fas molecule cause a severe defect in apoptosis, lpr mice have 

severe lymphoproliferation characterized mainly by CD4- CD8- B220+ double negative 

(DN) T-lymphocytes of thymic origin [96]. The abnormal DN cells are proposed to be 

self-reactive, accompanied by abnormalities in lymphocyte function [97]. LPR mice 
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suffer from massive autoantibody production starting at 8 weeks of age [98-100].  

Lymphoproliferation of DN cells leads to generalized lymphadenomegalia, 

splenomegalia and organ infiltrates, which include kidneys [101], lacrimal glands [102], 

salivary glands [103, 104], thiroid gland [105] and skin [106]. Apart from cell 

infiltrates, the autoantibody production starts at 8 weeks of age, leading to systemic 

autoimmunity, with rheuma factor (RF), anti-dsDNA, anti-Sm titers rising with age [98, 

107] . The resulting systemic autoimmunity cause severe glomerulonephritis at 5-7 

months of age, pathologically characterized by IgG deposition (IgG2a, IgG2b, IgG3) 

and monomuclear cell infiltrates [101, 108]. Joint lesions also develop similarly to 

human rheumatoid arthritis [109]. Skin pathology is characterized by immunglobulin 

deposition and cellular infiltration [110]. Skin lesions mimic those in human lupus 

[106]. 

 

1.2.4. Pathogenesis of lupus nephritis 

Despite an increasing amount of experimental and clinical data on SLE, the 

pathogenesis of lupus nephritis is still poorly understood. As DNA was one of the 

earliest identified autoantigens in human SLE [111, 112] and immunoglobulins eluted 

from diseased human kidneys were shown to react with DNA, this lead to the 

hypothesis that deposition of immune complexes and the subsequent inflammatory 

response are the pathologic basis of kidney injury. Immune complexes directly activate 

resident renal cells through Toll-like receptors to produce inflammatory mediators. 

Cytokines can induce endothelial cells to express adhesion molecules, recruiting 

inflammatory cells after immune complex deposition [113]. 

Although autoantibody deposition in the kidneys is an important pathogenic 

component of SLE nephritis, it is increasingly recognized that cellular immunity also 

contribute to renal disease. Some data suggest that not anti-dsDNA antibodies, but 

kidney reactive T-cells are required for the pathology of lupus nephritis. Indeed, T-cell 

infiltration in kidneys of mouse models correlates with the severity of nephritis [114]. 

Chan and collegues demonstrated that MRL/lpr mice develop glomerulosclerosis and 

intersitial nephritis even in the absence of immunoglobulins [115], showing that 

deposition of immune complexes are not required for the development of chronic 

kidney disease. In an other study, deletion of kidney reactive T-cells protected MRL/lpr 
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mice from fatal glomerulonephritis [116]. Moreover, some SLE patients develop a non-

inflammatory podocyte damage (“lupus podocytopathy”) mediated by soluble 

inflammatory mediators [117]. All these data provide a growing evidence that kidney 

reactive T-cells and signals from the innate immune system may contribute to the 

pathogenesis of lupus nephritis. This hypothesis may explain the heterogeneity of renal 

manifestations in lupus patients. 

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

human lupus is associated with a predominant proinflammatory cytokine response. In 

MRL/lpr mice IFN-γ may play a dominant role in the pathogenesis of kidney disease 

[118]. In this model elevated IFN-γ and significant reduction in IL-4 and IL-10 cytokine 

production of CD4+ lymphocytes has been demonstrated [118]. IFN-γ gene deficiency 

in MRL/lpr mice dramatically reduced glomerulonephritis [119], thus increased their 

survival period. Recent data indicate that human lupus nephritis is also associated with 

IFN-γ upregulation and IL-4, IL-10 downregulation [120, 121]. 

IL-10 is a major cytokine with a strong stimulatory effect on B-lymphocyte 

functions [122] and a major anti-inflammatory / immunosuppressive cytokine inhibiting 

cellular infiltration [123, 124]. IL-10 overproduction has been demonstrated to be 

associated with autoantibody production in lupus patients [125] while IL-10 serum level  

has been correlated to the activity of the disease [126]. However, in the MRL/lpr model, 

IL-10 had suppressive effects against T-lymphocyte driven autoimmunity [127].  

 

1.2.5. Does pregnancy increase the risk for flares in lupus patients? 

The majority of SLE patients are female in childbearing age [128]. Thus, 

understanding the role of pregnancy in SLE is of high relevance and would help to 

elaborate therapeutic strategies for women suffering from autoimmunity and who have 

still a desire to procreate. 

Although there has been some debate in published works as to whether flares in 

lupus activity actually occur during pregnancy, the present consensus is that pregnancy 

could exacerbate lupus activity [129]. Flares arise in about 30–60% of pregnant patients 

with lupus, 11% suffering a major reactivation requiring hospitalization and high doses 

of prednisone [130, 131]. Flares in renal disease activity are more common in those who 

had active disease at conception than in those in remission [131]. However, literature 
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data are still controversial, as some reports describe an adverse effect of gestation on 

disease progression [132, 133], while others claim that pregnancy have no effect on 

lupus nephritis [134-136]. Latter clinical reports are supported by studies on the NZB/W 

F1 mouse model of lupus, where only mild or no increase of disease activity was shown 

due to pregnancy [137, 138]. 

Pregnancy induces a complex and only a partially understood change in cytokine 

production. Both murine and human pregnancies are proposed to be associated with a 

shift towards anti-inflammatory cytokine predominance [139-141], with decreased 

proinflammatory cytokine production [133, 142, 143]. Although this shift in cytokine 

balance inhibits some (cellular) immune functions, it may stimulate humoral immunity. 

It has been early shown that estrogens can augment the number of CD8+ cells [144] but 

high levels of estrogens enhance the production of IL-10 in CD4+ lymphocytes, thus 

shifting the balance toward anti-inflammatory cytokine production [145]. 
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2. HYPOTHESIS AND SPECIFIC AIMS 

 

2.1 HYPOTHESIS AND 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, 

none of the monotherapies could constantly ameliorate the progression of chronic renal 

failure. 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. 
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2.2 HYPOTHESIS AND 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.  

 

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, 

lymphoproliferation and 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 histology after 

harvest; 

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. 
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3. MATERIALS AND METHODS 

 

3.1 EXPERIMENTAL DESIGN A (RENAL FIBROSIS) 

3.1.1 Animal model 

We used subtotal (5/6) nephrectomy (SNX), a well established model of renal 

fibrosis. The process of renal fibrosis and CRF has been well characterized in that 

model, and the signs of renal injury develop in a relative short period of time [146]. 

Twenty-week-old male Sprague-Dawley rats (Charles River, Germany) 

weighing 350-400 g were used in our study. Sprague-Dawley strain was chosen as 

numerous studies demonstrated, that the results obtained with these rats correlated well 

with human results, whereas other strains (eg. Wistar-Furth) prooved to be insensitive 

towards SNX induced renal fibrosis [147]. 

The animals were housed at the Central Animal Facility (Zentrales Tierlabor) at 

the Ruperto Carola University of Heidelberg under standard conditions: 12 hours dark-

light cycle (light on 08:00-20:00 h), 55% relative humidity, 22 ± 1°C. The rats had free 

access to water and laboratory chow (Altromin standard diet, Lage, Germany). The rats 

were housed in separate polycarbonate cages (Tecniplast, Buguggiate, Italy), and 

received drinking water from dark brown flasks to avoid light-induced dissociation of 

quinapril. All procedures were in accordance with the guidelines of the Institutional 

Animal Care and Use Committee. 

After one week acclimatization period, rats were randomly divided into 8 groups 

(n=12-17/group, see Table 1): 4 groups of animals underwent SNX, and 4 groups were 

sham operated and served as controls (sham). In both SNX and sham groups, half of the 

animals were subjected to bilateral dorsal rhizotomy (see below) or sham rhizotomy. In 

the groups of SNX and sham-operated animals, with or without rhizotomy, half of the 

animals received 10 mg/kg body weight/day quinapril dissolved in drinking water for 

16 weeks. This dose has been reported to cause effective suppression of the RAS. The 

control animals received tap water. 

The amount of consumed water was controlled once a week and the drug concentration 

in the drinking fluid was adjusted accordingly.  
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Table 1. Experimental groups. 

 

 

3.1.2 Operative procedures 

Animals were anesthetized using a combination of ketamine and xylasine. 

Ketamine (Ketanest®, Parke-Davies, Germany) was administered at a dose of 100 

mg/kg body weight, with xylasine (Rompun®, Bayer AG, Leverkusen, Germany) at 2 

mg/kg body weight. The anesthetics were injected intramuscularly into conscious rats; 

the needed level of narcosis was achieved after 5-10 min, and lasted for about 60 min. 

All animals were weighed before narcosis. 

SNX was performed as described previously [67, 68]. In brief, retroperitoneum 

and the right kidney was reached through a midline laparotomy. The right kidney was 

exposed and carefully decapsulated, avoiding damage to the adrenal. Then, the renal 

vein and artery and the ureter were carefully ligated together at the hilus using a 3-0 

absorbable prolene suture (Ethicon, Johnson and Johnson, Germany), and the rat was 

uninephrectomized, i.e. the right kidney was removed and weighed. The muscle and 

skin were closed together using 3-0 Vicryl suture (Ethicon). Eight days later, 2/3 of the 

left kidney cortex (which undergone compensatory hypertrophy) was removed. After 

decapsulating the kidney, the upper and lower poles were removed by resecting 66% 

cortical tissue, leaving the pelvis and the hilus intact. The cut surfaces of the kidney 

were covered with Gelaspon® (Chauvin Ankerpharm, Rudolfstadt, Germany) for 
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hemostasis. During resection, the excised renal tissue was weighed on an analytic scale 

and the process was continued until an amount of 66% of the previously measured 

weight of the right kidney was removed. The muscle and skin were closed together 

using 3-0 Vicryl suture (Ethicon). 

To eliminate the possibly confounding effects of different operating conditions, 

sham-operated control animals underwent anesthesia at the same day as SNX animals, 

but the kidneys were only decapsulated and the hilus manipulated. 

 

Dorsal rhizotomy was performed during the preceding uninephrectomy as 

described by Campese and Kogosov [65]. Briefly, from a dorsal incision, above the left 

kidney, the lumbar vertebral column was exposed by gently pulling the muscle away 

from the vertebrae. The dorsal roots were visualized and cut with fine scissors. 

Rhizotomy was performed at T10-L2, which contain the greatest concentration of 

afferent fibers from the kidneys to the brainstem. Animals were only included in the 

study, if all 5 dorsal roots could be identified on either side of the spine.  

The medication with Quinapril was started 48 hours after the second kidney 

operation. 

 

3.1.3 Measurement of albuminuria and blood pressure 

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

(Tecniplast, Buguggiate, Italy) for 24 hours. Twenty microliters of penicillin were 

added to the collection tubes to prevent bacterial degradation of proteins, and urine 

samples were collected.  Urinary albumin excretion was determined using a microplate 

solid phase sandwich ELISA [148] with slight modifications. Briefly, Nunc® Maxisorb 

96-well plates (Sigma-Aldrich GmbH, Deisenhofen, Germany) were coated with 100 µl 

coating solution (0.2 µg / ml rat serum albumin (RSA, A6414, Sigma) in 0.1 M 

NaHCO3), incubated at 37 °C for 3 hours then at 4 °C overnight and washed four times 

with washing buffer (conatining 0.5% gelatine, 2 mM diethyl malonic acid, 0.3 M 

NaCl, 0.1 mM EDTA and 0.1% Tween-20). Standards were then prepared from RSA 

stock (1 mg / ml RSA in 0.1 M NaHCO3) and 50 µl from each was added to the plate. 

Urine samples were first centrifuged at 2000 g for 10 min, at 4 C, and supernatants were 

taken and diluted 1:100, 1:500 and 1:1000 with washing buffer. Finally, 50 µl of each 
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sample dilution was added in duplicate to the plate. Fifty microliters of peroxidase 

conjugated rabbit anti-rat albumin (55776, ICN Biochemicals, USA) antibody solution 

(1:100, diluted in washing buffer) were than added to each well. Plates were incubated 

at 37 °C for 1 hour. Substrate solution containing 0.02% H2O2 was prepared dissolving 

tetramethylbenzidine tablets (T3405, Sigma) in 1:1 volume of washing buffer and 

dH2O. Plates were washed 3 times with washing buffer and 200 µl of substrate solution 

was added to each well. Plates were finally read with an MRX 1.2 microplate reader 

(Dynex Technologies GmbH, Denkendorf, Germany) [149] and the albumin 

concentration was determined as the arithmetic mean of duplicates. 

 

At the end of the study, systolic blood pressure was measured in all rats  while 

conscious by tail-cuff electrosphygmomanometry (TSE, Bad Homburg, Germany)[150] 

at an ambient temperature of 40 degrees to assure venous dilatation in the tails. In 

addition, in 2 animals per group telemetric blood pressure was measured using the 

system of Data Sciences International (St. Paul, Minn., USA). Transmitters (TA11PA-

C40) were implanted into the abdominal aorta at the uninephrectomy operation. 

Implantation of the transmitters was performed as described elsewhere [67]. Briefly, the 

abdominal aorta was ligated and, through an approximately 1mm incision made with 

microsurgery scissors (Aesculap, Germany), the measuring catheter was introduced into 

the aortic lumen. Finally, the incision area was closed with “tissue glue” and the ligature 

was released. The body of the transmitters were placed in the abdominal cavity and 

immobilized using 3 sutures to the abdominal wall. Receivers (RPC1) were placed 

underneath the cage, as the maximal range of the transmitters is 40 cm. Mean, systolic, 

and diastolic arterial blood pressure and heart rate derived from the peak systolic blood 

pressure signal were recorded. Results are given as the mean of 150-min readings on 3 

consecutive days. 

 

3.1.4 Perfusion harvest and tissue preparation 

At week 16 the experiment was terminated and rats were harvested by retrograde 

perfusion via the abdominal aorta as described previously  [149]. All animals were 

perfused under the same conditions and on the same day. Briefly, the animals were first 

anesthetized with ketamine+xylazine (for details, see operating procedures), then rats 
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were mounted on a cork plate and immobilized at their extremities. The abdomen was 

opened by midline laparotomy, the vena cava inferior and the aorta abdominalis were 

exposed, and the latter was clamped proximal and distal to the incision site. After a 2 

mm wide incision was made, the aorta was cannulated with a modified 20G catheter, 

attached to a 15 ml collection tube, and the proximal clamp was then released. Approx. 

6 ml of blood was taken for chemistry, and then perfusion was started with Dextran 40 

(Rheomacrodex®) containing 0.5% procainhydrochloride, for 2 minutes. After 10 

seconds, the v. cava was cut to avoid excessive venous pressure. As hyperosmolar 

solution, Dextran 40 protects from the development of interstitial edema and the 

aggregation of erythrocytes and thrombocytes, which would lead to thrombosis and 

inadequate perfusion in the kidneys. Procain acts as a vasodilatator in the 

microcirculation, which enables better perfusion of the organs. Finally, the organs were 

perfused with fixation solutions. For morphometric analysis, 3% glutaraldehyde in 0.2 

molar phosphatebuffer (Sörensen solution, pH 7.4) was used as fixative in 7 animals per 

group, for approximately 12 minutes at 110 Hgmm perfusion pressure [67, 68, 149]. For 

immunohistochemical analysis, 10 animals per group were perfused with ice-cold 0.9% 

NaCl. 

The glutar-perfused left remnants (or in sham-operated animals, the intact left 

kidneys) were harvested for morphometric and stereologic measurements. The kidneys 

were sectioned in a plane perpendicular to the interpolar axis, yielding slices of 1.5-2 

mm width. From these slices, ten small (2x2x2 mm) pieces were cut by area-weighted 

sampling and embedded in Epon-Araldite. Semithin (1 µm) and ultrathin sections (0.08 

µm) were prepared and stained with methylene blue/basic fuchsine or lead citrate/uranyl 

acetate, respectively. The remaining tissue slices were 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. 

 

3.1.5 Immunohistological methods 

Paraffin sections were prepared and incubated with antibodies, using the avidin-

biotin method [149]. Briefly, after 10 min rehydration in dH20 and TBS, samples were 
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blocked with 10% goat serum for 20 min, then slides were incubated with the respective 

primary antibodies for 60 min at room temperature. After washing in TBS for 10 min, 

one drop of the respective biotinylated secondary antibody (SuperSensitive Link, 

Biogenex, USA) was applied for 20 min at room temperature. After the next washing in 

TBS, one drop of streptavidine-conjugated alkaline phosphatase (Biogenex) was  

applied for 20 min. Staining was developed with Fast red substrate (DAKO) for 5 min. 

Slides were counterstained with Mayer’s haemalaun and finally coated with Aquatex 

(Merck, Germany). 

Antibodies against the following epitopes were used:  

- TGF-ß1 (anti-TGF-ß1 rabbit IgG polyclonal antibody, 1:50; Santa Cruz 

Biotechnology, Santa Cruz, Calif., USA),  

- collagen IV (anti-collagen IV rabbit polyclonal antibody, 1:40, Biotrend 

Chemikalien, Cologne, Germany),  

- endothelial nitric oxide synthase [eNOS (NOS-3), anti-eNOS rabbit polyclonal 

antibody, 1:400; ABR-Affinity BioReagents, Golden, Colo., USA],  

- neuronal nitric oxide synthase [nNOS (NOS-1), anti-nNOS rabbit polyclonal 

antibody, 1:50, BD Pharmingen, Heidelberg, Germany], 

- nitrotyrosine (sheep polyclonal antibody, 1:400, Oxis Research, USA). 

Immunohistochemical reactivity was examined in a blinded manner with light 

microscopy. To evaluate glomerular staining, 50 glomeruli were counted per sample, 

while staining of the tubulinterstitium was evaluated in the whole sample. We used a 

semiquantitative score system. Briefly, glomeruli were scoerd at a magnification of 

×400 as follows: 0 = no staining, 1 = weak staining, 2 = moderate staining in ~50% of 

glomerular tuft, 3 = moderate staining in >50% of glomerular tuft, 4 = strong staining of 

the entire glomerulus. Tubulointerstitium was scored at a magnification of ×200 as 

follows: 0 = no staining, 1 = weak, 2 = mild, 3 = strong, 4 = very strong staining.  

 

3.1.6. Semiquantitative examination of the kidney - indices of renal damage 

To evaluate pathologic alterations on PAS-stained paraffin sections, the following 

methods were used as described [67], according to el Nahas [151] and Veniant et al 

[152]: glomeulosclerosis index (GSI), tubular and interstitial damage index (TDI, IDI), 

and vascualr damage index (VDI). 
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The histological signs of glomerular damage are: hypertophy and proliferation of the 

mesangial cells accompanied by excessive production of ECM (mesangial matrix), 

hyalinosis of the capillaries, podocyte hypertrophy and degeneration. Sclerosis may lead 

to complete obliteration of the glomerulus with consecutive loss of function.  

 

Glomerulosclerosis index (GSI): 

Slides were evalueted using light microscopy at 400x magnification, and the 

glomerulosclerosis index of each animal was derived as the arithmetic mean of 100 

randomly sampled individual glomeruli according to el Nahas [151], using grades 0-4 as 

follows: 0) normal glomerulus; 1) beginning mesangial expansion / thickening of the 

basement membrane and/or irregular lumina of the capillaries, sclerosis in less than 

25% of the glomerular tuft; 2) mild/moderate segmental hyalinosis/sclerosis involving 

less than 50% of the glomerular tuft; 3) diffuse glomerular hyalinosis/sclerosis 

involving 50-75% of glomerular tuft; 4) diffuse glomerulosclerosis with total tuft 

obliteration and collapse. 

 

Tubular and interstitial damage index: 

Determination of tubular and interstitial damage was performed using a modified 

method  described by Veniant et al [152], as here we evaluated tubular and interstitial 

damage separately. The PAS-stained slides were counted using 100x magnification in 

20 fields of view. The intensity of inflammation (mononuclear cell infiltration), 

interstitial fibrosis and tubular atrophy (grade 0-3) were evaluated as follows:  

Tubular damage (TDI): 0) normal tubuli; 1) tubular atrophy in less then 25% of the 

field of view; 2) tubular atrophy and dilatation and/or hyalin deposition in 25%-50% of 

the field of view; 3) the above mentioned alterations in more than 50% of the field of 

view. 

Interstitial damage (IDI): 0) normal interstitium; 1) signs of interstitial 

inflammation and fibrosis in less then 25% of the field of view; 2) interstitial 

inflammation and fibrosis in 25%-50% of the field of view; 3) interstitial inflammation 

and fibrosis in more than 50% of the field of view. 
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Vascular damage index (VDI): 

Quantification of vascular damage was performed according to Veniant et al [152] 

in PAS-stained slides, using 200x magnification in 20 fields of view, evaluating the 

thickening of vessel walls and fibrinoid necrosis of the afferent arterioles, interlobular 

vessels and small arteries of the kidney, as follows (grade 0-4): 0) normal vessels; 1) 

mild wall thickening; 2) moderate wall thickening; 3) severe wall thickening; 4) 

fibrinoid necrosis of the vascular wall. 

 

 

3.1.7 Glomerular morphometry and stereology 

Glomerular Geometry.  

Area density of the glomerular tuft (AAT) and volume density of glomeruli (VV) 

were measured by the point counting method with point density = area density = 

volume density (PP = AA = VV) using a 100-point Zeiss eyepiece (Integration-plate II; 

Zeiss, Oberkochen, Germany) at a magnification of x400 on PAS sections. In addition, 

the number of glomeruli per area (NA) was counted (for detailed description of analysis 

of glomerular geometry, see [13]). Briefly, from the above data the number of glomeruli 

per volume [NV = (1/1.382) × (NA
1.5 × VV

0.5)] (corrected for tissue shrinkage: 45%) and 

total cortex volume was calculated from kidney mass (KW), specific weight of the 

kidney (SWK), and volume density of the cortex according to VCortex = KW/SWK × 

VVCortex (VCortex) = (1/1.382) × (NA
1.5 × VV

0.5). From these parameters the total number 

of glomeruli was derived (NGlom = NV × VCortex). Finally, the mean glomerular tuft 

volume: mVGlom = (1/1.382) × AT
1.5) was calculated from the total area of the 

glomerular tuft and cortex area (AT = AAT × ACortex). The number of glomeruli (NGlom) 

per kidney was used to estimate the extent of surgical nephron reduction and the mean 

glomerular tuft volume (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 (points on the 

matrix/points on the whole glomerular tuft) and is given as percent. 
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Glomerular Cellularity.  

The number per glomerulus and mean volume of glomerular cells (podocytes, 

mesangial and endothelial cells) was analyzed in 15 glomeruli per animal (Figure 4). 

The mean cell number/glomerulus (NC) was calculated from cell density per volume 

(Ncv) and volume density of the respective cell type (Vcv) according to the equation: 

Ncv = k/ß x NcA
1.5/Vcv

0.5 with k=1 and ß=1.5 for podocytes and 1.4 for mesangial and 

endothelial cells. The respective mean cell volumes were calculated according to the 

equation mVc = Vcv × mVglom [146].  

 

Glomerular Capillaries.  

In 5 semithin sections per animal glomerular cell number and volume were 

analyzed using an eyepiece for point counting (see above) at a magnification of x1,000 

(oil immersion). Briefly, the length density of glomerular capillaries (LV: mm 

capillary/mm3 glomerular tuft volume) was determined according to the standard 

stereologic formula (LV = 2QA: the number of capillary transects per area of the 

capillary tuft). This parameter gives the average capillary length normalized to 

glomerular volume to exclude the effect of hypertrophy; thus it is a marker of 

glomerular capillary obliteration. Furthermore, glomerular capillary length for the 

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

volume (VTuft) was calculated as the fractional capillary tuft volume of the whole 

glomerulus (points on the tuft/points on the whole glomerulus) and is given as 

percentage. 
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Figure 4. Glomerular cell structure in the kidneys of sham operated (A) and SNX 

rats (B). Semithin slides of our experimental animals, stained with toluidine-blue, 

magnification x1000). Glomeruli are cut in the equatorial plane as shown by the narrow 

Bowman’s space. Note the significantly enlarged glomerulus in SNX kidney, with, 

increased number of mesangial cells, enlarged podocytes and excessive mesangial 

matrix deposition (e: endothelial cell, m: mesangial cell, p: podocyte, x: matrix). 
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3.1.8 Real-Time RT-PCR 

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

System (Promega, Mannheim, Germany) according to the manufacturer's instructions.  

RNA concentration was determined photometrically at 260nm, RNA purity was 

determined with the A260/A280 ratio (samples between 1.5-1.9 were just taken for 

examination). RNA integrity was visualized after 1% agarose gel electrophoresis (1 µg 

RNA of each sample was loaded) under UV-light. 

 Reverse transcription was performed on a Promega thermal cycler with the 1st 

Strand cDNA Synthesis Kit (AMV) from Roche (Roche Diagnostics, Mannheim, 

Germany) using 1 µg RNA and random primers (final concentration: 3.2 µg) as follows: 

10 min at 25 °C, 30 min at 55 °C and 5 min at 85 °C. 

All quantitative PCR reactions were performed on a LightCycler (Roche 

Diagnostics, Mannheim, Germany) using the LightCycler-Faststart DNA Master SYBR 

Green I Kit (Roche). The samples were quantified normalizing to glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) expression. Primer sequences were as follows:  

GAPDH forward 5'-CAATGACCCCTTCATTGACC-3',  

GAPDH reverse 5'-CGCCAGTAGACTCCACAACA-3'; 

TGF-β1 forward 5'-CACCATCCATGACATGAACC-3', 

TGF-β1 reverse 5'-TCATGTTGGACAACTGCTCC-3'; 

eNOS forward 5'-TGACCCTCACCGATACAACA-3', 

eNOS reverse 5'-CTGGCCTTCTGCTCATTTTC-3'.  

The PCR conditions were as follows: GAPDH: 95 °C for 10 sec, 57 °C for 10 sec, 72 

°C for 20 sec; TGF-b1: 95 °C for 10 sec, 54 °C for 10 sec, 72 °C for 18 sec; eNOS: 95 

°C for 10 sec, 62 °C for 10 sec, 72 °C for 12 sec. Specificity of the PCR reaction was 

confirmed with melting curve analysis. Every sample was quantified using a gene-

specific standard curve, and the mean value of three different PCR runs was taken for 

statistical evaluation. 

 

3.1.9 Data analysis 

Data are presented as mean ± standard deviation (SD). Randomly selected 

animals (n = 7) were used for morphometric analysis. Statistical analyses were 

performed using SPSS 13 for Windows (SPSS Inc, USA). Data were tested for normal 
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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 test, to test for 

differences between groups. The zero hypothesis was rejected if the probability of error 

(p) was less than 0.05. 
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3.2 EXPERIMENTAL DESIGN B (LUPUS NEPHRITIS) 

  

3.2.1. MRL/lpr lupus prone  mice 

MRL/lpr (MRL/MpJ-fasTnfsrlpr, MHC haplotype: H2:k) female mice (Jackson 

Laboratories, USA) were housed in our animal facility in an individually ventillated 

cage system (Charles River Ltd, Hungary), had access to standard rodent chow 

(Altromin, Germany) and water ad libitum. Mice were divided randomly into two 

groups at 7 weeks of age and were  accomodated for 10 days. The multiparous (M) 

group females were mated three times consecutively with NMRI males (Charles River, 

Hungary) and weaned immediately after parturition to exclude the possible 

immunmodulatory effects of lactation as described by Ratkay et al [153].  

NMRI males (outbred strain originally developed in the Naval Medical Research 

Institute, MHC haplotype: H2:q, see www.taconic.com) were used for allo-mating. 

Non-syngeneic matings were performed to model allogenic human pregnancies. 

Pregnancy duration was 21 days. After parturition, males were removed for 5 days to 

allow the females to rest and were then placed back with the females for the next 

mating. MRL/lpr females were always paired with the same NMRI male  (see Figure 5 

for study design). Mice of the second virgin (V) group were housed apart, two virgin 

females were kept per cage to provide the same social environment in both groups.  

 

 

 

Figure 5. Study design and timeline of the experiments. Upper half: interventions on 

multiparous mice only; lower half: interventions on both multiparous and virgin mice. 
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The experiments were carried out in 4 parts. The first experiment (n=12/group) 

was a survival experiment; to determine time of harvest for tissue collection and to 

measure proteinuria. Molecular, histological and functional measurements were 

performed in a second experiment (n=6/group), which was terminated at 20 weeks of 

age. The third experiment (n=6/group) was carried out to increase the number of 

samples for histological and molecular measurements. The fourth (n=5/group) 

experiment was carried out to re-confirm changes in skin pathology and survival.  

All animal experiments were carried out according to the  institutional 

regulations and the Hungarian law on animal care and protection (1998/XVIII, 

243/1998(XII.31)).  

 

3.2.2. Assesment of kidney function and blood pressure 

Twenty-four hour urine samples were collected from all animals in diuresis 

cages (Tecniplast, Buguggiate, Italy) at specific time points (8, 12, 16, 20 weeks of age, 

right after parturition, n=5-8/group). Blood samples were obtained with heparinized 

capillaries by retro-orbital puncture under ether anesthesia and the blood was 

anticoagulated in the collecting tubes with 1:10 volume of heparin. Blood urea nitrogen 

(mmol/l, n=4-8/group and preterminal uremic animals) levels were evaluated in a 

Reflotron Plus laboratory machine with enzymatic reagents (Boehringer Mannheim, 

Germany). Proteinuria (mg protein/24h) was measured photometrically using the 

Bradford method with Bio-Rad Protein Assay (Bio-Rad, USA) at 595 nm following the 

instructions by the manufacturer.  

To assess blood pressure at the  time of harvest (V:n=6, M:n=4), a non-invasive 

tail cuff blood pressure system (IITC Life Science, USA) was used. The IITC system 

has been shown to give comparable results to telemetry, and the high sensitivity allows 

to measure below 35 °C, minimizing the confounding factor of heat-induced stress. For 

optimal results, the environmental temperature was set to 30 °C and the animals were 

habituated for the procedure 3 times before measurement. All values were determined 

as mean value of  three consecutive measurements. 
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3.2.3. Flow cytometry 

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

analyzing the percentage of CD4- , CD8- (DN) CD3+(TCR), B220+ (DN B220+) cells by 

flow cytometry (V:n=9, M:n=5). The following anti-mouse mAbs were purchased from 

BD PharMingen (Soft-Flow, Hungary): PE-conjugated anti-CD3-complex (17A2), 

FITC-conjugated anti-CD4 (GK 1.5), APC-conjugated anti-CD8 (53-6.72) and PerCP-

conjugated anti-CD45/B220 (RA3-6B2). For B-cell staining, anti-CD19-FITC and 

PerCP-conjugated anti-CD45/B220 (RA3-6B2) antibodies were used. For biotinylated 

antibodies, a streptavidin-APC complex (BD PharMingen) was used as second step 

reagent. Surface antigen expression was analysed using a BD FACSCalibur® flow 

cytometer (Becton Dickinson Immunocytometry, Mountain View, CA). Briefly, 30 µl 

peripheral blood sample was incubated with mAbs in the dark at room temperature for 

20 min and then with 1 ml erythrocyte lysing solution (BD) in the dark at room 

temperature for 10 minutes. To remove unbound antibodies, samples were washed in 2 

ml PBS, then fixed in 350 µl cold 2% paraformaldehyde and resuspended in FACS 

buffer before being analysed. Data were evaluated with CellQest software (BD).  

 

3.2.4. 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, Austria) following the manufacturer’s instructions (n=4/group). 

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

specific time points (8, 12, 16, 20 weeks of age, n=10/group) using anti-dsDNA ELISA. 

Briefly, 96-well ELISA plates (Greiner, Budapest) were coated with 25 µg/ml double-

stranded calf thymus DNA (Sigma, Sigma-Aldrich Kft, Budapest, Hungary) in 0.1 M 

ammonium acetate and incubated overnight at 4 °C. After washing with PBS-1% Tween 

20 (PBS-T) following  distilled water, sera diluted 1:200 in serum diluent (PBS-T) were 

added in duplicate and incubated for 1 h at 37 °C. After washing, horseradish peroxidase 

(HRP)-conjugated goat anti-mouse IgG (Sigma) was used as a conjugate antibody 

(1:1000 in PBS-T, 1 h at 37 °C) followed by the substrate, o-phenilenediamine 

dihydrochloride (Sigma). The OD was measured photometrically after 20 min at 450 

nm (ref.= 690 nm).  

 



 

37 

3.2.5. Histology of the kidneys 

Kidney samples were fixed in 10% buffered formalin for 16-24 hours, then kept 

in 75% ethanol before being embedded in paraffin within 5 days. Four µm sections were 

cut and were stained with H&E, periodic-acid Schiff (PAS) or Crossman’s tri-chrome. 

Samples were all evaluated in a blinded manner. 

Kidney lesions (n=9/group) were scored as follows: the glomerulosclerosis index 

and the tubular, interstitial and vascular damage scores were assessed on PAS stained 

paraffin sections as previously described (chapter 3.1.6). 

Perivascular cell accumulation was determined semiquantitatively at 400x 

magnification by scoring the number of cell layers surrounding  the medium-sized 

vessels as follows: 0) none; 1) <5 cell layers; 2) 5-10 cell layers; 3) >10 cell layers. 

Periglomerular infiltration was scored in a similar way, counting the infiltrating cell 

layers around the glomeruli: 0) none; 1) 1-3 cell layers; 2) 4 or more cell layers. 

 

3.2.6. Renal IgG and C3 deposition, and CD3
+
 infiltration 

Kidney samples (n=4/group) were evaluated for IgG deposition by direct 

immunfluorescence staining. Briefly, 8 µm cryostat sections were attached to 

SuperFrost slides at room temperature and fixed in cold acetone. Air-dried slides were 

then washed in PBS, blocked with 20% normal goat serum then stained with FITC-

conjugated goat anti-mouse antibody (Sigma) in 1:100 dilution and incubated in a dark 

chamber at 37 °C for 60 minutes. After washing with PBS, samples were coated using 

Fluorescent Mounting Medium (DAKO, Hamburg, Germany) and analyzed in a 

fluorescent microscope (Leica DMR-HC, Leica, Germany). The fluorescence intensity 

within the peripheral glomerular capillary walls were analyzed using ImageJ software 

(NIH, Bethesda, Maryland, USA). 

Complement-3 deposition was evaluated in cryostat kidney sections (n=4/group) 

using immunohistochemistry as described elsewhere [154]. We opted for 

immunohistochemistry as it has been shown to be more specific than 

immunfluorescence. Briefly, after rehydration in TBS, blocking was performed with 5% 

BSA, then slides were incubated with goat anti-mouse C3 antibody (Cappel, USA), 

diluted 1:200 for 60 min at room temperature. Endogen peroxidase was quenched with 

3% H2O2 in methanol for 30 min after application of the primary antibody. After 
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washing, HRP-conjugated rabbit anti-goat antibody (Sigma) was applied 1:200 for 30 

min and AEC (DAKO) substrate was added for 5 min. Slides were counterstained with 

Mayer’s haemalaun and coated with Aquatex (Merck, Germany).  

Glomerular staining was evaluated in a blinded manner counting 30 glomeruli 

per sample, with a semiquantitative score system: 0) no staining, 1) weak staining, 2) 

moderate staining in ~50% of glomerular tuft, 3) moderate staining in >50% of 

glomerular tuft, 4) strong staining of the entire glomerulus. 

The infiltration of CD3 positive cells per kidney was determined on paraffin 

sections (n=8/group). Antibody mixture (mouse monoclonal anti-CD3, 1:50, DAKO) 

was prepared using a commercial mouse-on-mouse kit (Innogenex, Biogenex, 

Germany) following the manufacturer’s protocol. After deparaffinization and 

rehydration of the slides, antigen retrieval was performed in citrtic buffer pH 6.0 for 20 

min. After washing in TBS, slides were blocked with 5% goat serum for 15 min, 

followed by the incubation with the primary antibody mixture overnight at 4 °C. After 

washing, streptavidin-conjugated alkaline phosphatase (Biogenex) was applied for 20 

min. Samples were washed again and Fast Red substrate (DAKO) was added for 3 min. 

Slides were counterstained with Mayer’s haemalaun and coated with Aquatex (Merck). 

The immunostaining was anaylzed by counting the positive cells in 10 randomly 

selected fields at 400x magnification using a 10x10 points Zeiss eyepiece (Integration-

plate II; Zeiss Co., Germany). The results are expressed as CD3 positive cells per mm2. 

 

3.2.7. Real-time RT-PCR 

100 mg of kidney samples (n=7-11/group) were treated with 1 ml Trizol (Gibco, 

Life Technologies, Germany) and disaggregated using a homogenizator (Ultra Turrax 

T8, Ika, Germany). The RNA was then extracted with chloroform, precipitated with 

isopropanol, washed with 75% ethanol and finally diluted in RNAse-free-water. The 

RNA was quantified by reading ultraviolet absorbance at 260 nm. 

Reverse transcription was performed as follows: 2 µg total RNA were placed for 

2 min. on ice and supplemented with dNTPs (2.5 mM, Amersham Pharmacia), DNase I 

(2 U/ml, Stratagene) and RNase-inhibitor (40 U/ml, Promega) mixed in the reaction 

buffer. The mix was incubated for 30 min at 37°C and further heated to 75°C for 5min. 

Reverse transcription process commenced upon the addition of  Reverse transcriptase 
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(200 U/ml, Amersham) and RNAse- to the mixture. This reaction mixture was 

incubated at 42°C for 60 min followed by incubation at 94 °C for 5 min. 

Amplification reactions (13 µl) for IFN-γ, IL-10, IL-4 and β-actin consisted of 2 

µl cDNA, 6.25 µl mastermix containing PCR buffer, dNTPs, MgCl2 and Ampli-Taq 

DNA Polymerase (Eurogentec, Berlin, Germany), 3 µl of the primer mix, 1.25 µl water 

and 0.5 µl of the fluorescent probes. PCR reaction was performed as follows: 2 min at 

50 °C followed by an initial denaturation step of 10 min at 95 °C, followed by 15s at 95 

°C and 1 min at the appropriate annealing temperature for 40 cycles. All samples were 

normalized regarding their β-actin content. Expression levels were calculated using the 

formula 2-∆Ct, where ∆Ct is the difference of mean cytokine threshold cycle and mean 

beta-actin threshold cycle of triplicate measures. All reactions were performed on an 

ABI Prism 7700 Sequence Detection System (Perkin Elmer Applied Biosystems).  

Primer and probe sequences were as follows: 

IFN-γ forward: 5’- AGC AAC AGC AAG GCG AAA AA-3’ 

IFN-γ reverse:  5’-AGC TCA TTG AAT GCT TGG CG-3’ 

IFN-γ probe:  5’-ATT GCC AAG TTT GAG GTC AAC AAC CCA CA-3’ 

IL-10 forward: 5’- GAA GAC CCT CAG GAT GCG G-3’ 

IL-10 reverse:  5’- CCT GCT CCA CTG CCT TGC T-3’ 

IL-10 probe:  5’- CGC TGT CAT CGA TTT CTC CCC TGT GA-3’ 

IL-4 forward:  5’-CTC ATG GAG CTG CAG AGA CTC TTT-3’ 

IL-4 reverse:  5’- GTG ATG TGG ACT TGG ACT CAT TCA-3’ 

IL-4 probe:  5’-ATG CCT GGA TTC ATC GAT AAG CTG CAC CT-3’ 

 

3.2.8. Data analysis 

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

means ± SD (for parametric data). Data were analyzed statistically using SPSS for 

Windows (SPSS Inc.). Kaplan-Meier and log-rank test were made for survival analysis. 

The Kolmogorov-Smirnov test was performed to analyze distribution normality. Mann-

Whitney-test was applied to analyze all non-parametric data (skin macroscopy scores, 

skin and kidney histology scores, IgG and C3 depositions, proteinuria). For normally 

distributed values of blood pressure, Student’s t-test was employed. 
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4. RESULTS 

 

4.1 RESULTS A (RENAL FIBROSIS) 

4.1.1. Animal data 

At the time of operation the body weight of the animals was comparable in all 

groups (table 2.). 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. Comparing the two single intervention groups, 

serum creatinine and serum urea tended to be lower in the rhizotomy animals vs. 

Quinapril monotherapy. In SNX animals the hematocrit values were significantly lower. 

Development of anemia was significantly inhibited by combined intervention. 

 

 

Table 2. Laboratory values and body weight at the time of harvest. #p<0.01 vs 

sham+no intervention or respective control group; *p<0.05 vs SNX+no intervention. 

 



 

41 

4.1.2. Albuminuria and blood pressure 

At the end of the study 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 and lowest on combined 

intervention (Table 3).  

Tail plethysmography overestimated blood pressure. Blood pressure was monitored by 

telemetry in a limited number of animals. The results (Figure 6) indicated higher blood 

pressure in untreated SNX and lower values in treated SNX. 

 

 

Table 3. Values of albuminuria, systolic blood pressure and kidney weight relative 

to bodyweight at harvest. KW: kidney weight; BW: body weight; #p<0.05 vs Sham; 

*p<0.05 vs SNX; ** p<0.01 vs SNX; &p<0.05 vs SNX+Q; §ns: SNX+R+Q vs 

Sham+R+Q 

 

 

4.1.3. Indices of renal damage 

In untreated SNX, indices of glomerular (GSI), tubular (TDI), interstitial (IDI) 

and vascular damage (VDI) were all significantly higher than in sham (Table 4., Figure 

7.). Rhizotomy had a marked effect on all indices except VDI. The effect of Quinapril 

monotherapy was even more striking (with the exception of VDI), but with exception of 

VDI combined intervention yielded the best outcome (p<0.05). 
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Figure 6: Telemetrically measured mean arterial pressure (MAP) in 2 animals per 

experimental group. Bars represent 15 measurements on 3 consecutive days by 

individual animals (mean ± SD of individual values). 

 

 

Table 4. Morphologic indices of renal damage. #p<0.05 vs Sham; *p<0.05 vs SNX; 

** p<0.01 vs SNX; &p<0.05 vs SNX+Q; §ns: SNX+R+Q vs Sham+R+Q. 
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Figure 7. Representative photographs of glomeruli from a sham-nephrectomized 

animal (A) and SNX animals (B-E). B: SNX, C: SNX+Q, D: SNX+R, E: SNX+Q+R. 

PAS stain, magnification x400. 
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4.1.4. Stereologic measurements 

SNX consistently reduced the number of glomeruli to a similar extent 

documenting the homogeneity of the SNX groups (Table 5.). In all SNX groups a 

compensatory increase in glomerular volume was noted which was significantly lower 

after Quinapril treatment. The length density of glomerular capillaries as well as the 

total length of capillaries per remnant 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. In SNX the matrix represented a 

significantly greater proportion of the tuft, reflecting glomerular extracellular matrix 

accumulation. The matrix/tuft ratio was significantly lower in Quinapril treated SNX, 

but was not affected by rhizotomy. 

 

 

Table 5. Stereologic analysis of glomeruli. NGlom: total number of glomeruli/kidney; 

mVGlom: mean glomerular volume; #p<0.01 vs Sham; *p<0.05 vs SNX; §ns vs the 

respective control groups. 
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4.1.5. Cellular analysis of the glomerulus  

In our model of renal damage, the number of podocytes per glomerulus 

remained unchanged, but the podocyte volume was strikingly increased in SNX (Table 

6.). It was significantly lower in the Quinapril group and in rats on combination therapy, 

but not affected by rhizotomy  

The number of endothelial cells was also strikingly increased in untreated SNX, 

but significantly lower in Quinapril treated SNX, but not in SNX with rhizotomy. There 

was no significant change in endothelial cell volume. Finally, in SNX a significant 

increase in mesangial cell number was noted which again was attenuated, but not 

normalized, by Quinapril. Rhizotomy did not affect this parameter. No significant 

changes of mesangial cell volume were noted.  

 

 

Table 6. Cellular analysis of the glomerulus (number and volume of respective 

cells). #p<0.01 vs Sham; *p<0.05 vs SNX. 
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4.1.6. Immunhistochemistry and real-time PCR analysis of the kidneys  

Increased collagen was found in glomeruli (Table 7.) and was significantly 

reduced by Quinapril plus rhizotomy. Tubulointerstitial collagen deposition was 

prevented by all interventions. Interestingly, rhizotomy as a single intervention 

prevented tubulointerstitial collagen deposition significantly more effectively, than 

Quinapril monotherapy. 

Glomerular TGF-β1 expression (Figure 8) was only reduced by combined 

intervention, but not by Quinapril or rhizotomy (Table 7). 

 

 

Table 7. Immunhistochemical analysis of fibrosis markers  and TGF-β1 real-time 

PCR results in the whole kidney. Data are presented as mean score ± SD and mean 

relative expression level ± SD, respectively. *p<0.05 vs SNX; §p<0.05 vs SNX+R; 

#p<0.05 vs SNX+R+Q. 
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Figure 8. TGF-ββββ1 immunohistochemical staining of glomeruli. A: sham-

nephrectomized animal, B: SNX, C: SNX+Q, D: SNX+R, E: SNX+Q+R, F: negative 

control. Magnification x400. 
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The protein expression of the nitric oxide (NO) producing enzyme NOS-3 

(eNOS) in the glomeruli was mildly elevated in untreted SNX animals. Combined 

interventions, but not single interventions, normalized protein expression of NOS-3 

(eNOS) in glomeruli (Table 8). A similar trend was seen with NOS-3 mRNA, but the 

differences between the groups were not significant.  

The protein level expression of NOS-1 (nNOS, an other important NO 

producing enzyme in the kidney) in macula densa cells was reduced by 30% in SNX, 

compared to shams. It was unaffected by rhizotomy and Quinapril, but was normalized 

by combined intervention (Table 8). 

 

 

Table 8. Immunhistochemical analysis of nitrosoxidative markers in the glomeruli 

and eNOS real-time PCR results in whole kidney samples. Data are presented as 

mean score ± SD and mean relative expression level ± SD, respectively. *p<0.05 vs 

SNX; #p<0.05 vs SNX+R+Q. 

 

 

 

Nitrotyrosine staining marked the oxidative stress of podocytes. The staining 

was more intense in untreated SNX rats compared to sham-operated rats (Table 8). It 

was not affected by rhizotomy, but reduced to some extent by quinapril and completely 

normalized by combined intervention (Figure 9). 
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Figure 9. Nitrotyrosine immunohistochemistry of podocytes. A: sham-

nephrectomized animal, B: SNX, C: SNX+Q, D: SNX+R, E: SNX+Q+R, F: negative 

control. Magnification x400. 
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4.2 RESULTS B (LUPUS NEPHRITIS) 

 

4.2.1. Survival and kidney function 

Pregnancy modifies the systemic cytokine expression favouring the production 

of anti-inflammatory cytokines [143]. As in murine lupus IFN-γ is thought to be a main 

contributor of the disease [118, 155], 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 [139]. In contrast to our 

expectations, the life span of multiparous (M) females was significantly shortened to 20 

weeks. Only 30% of M mice were alive at the age of 20 weeks compared to 78% of 

virgin (V) mice (Figure 10). In this first study, 60% of M animals showed uremic 

symptoms (such as: subcutaneous water retention, fuzzy hair, tremors, and severely 

reduced activity) preterminally, at 20 weeks of age, with blood urea levels exceeding 20 

mmol/l.  

 

 

Figure 10. Survival curves. Life span of multiparous mice (dotted line) was 

significantly shortened compared to virgin animals (p=0.038, Kaplan-Meier, Log rank 

test, V vs M). 
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Figure 11.  Kidney function and histology scores. A: Proteinuria (n=5-8/group, 

Mann-Whitney-test) B: Mean arterial blood pressure at harvest (t-test, p=0.019, M:n=4, 

V:n=6). C: Glomerulosclerosis (V vs M p=0.037) and tubular damage (V vs M 

p=0.028) indices (n=9/group, Mann-Whitney-U test). D: Perivascular infiltration index 

(n=9/group, V vs M p=0.01, Mann-Whitney-U test). Data are presented as median ± 

75% quartiles, *: p<0.05 V vs M, **: p<0.05 M 12 weeks vs M 8 weeks. P1-P3: number 

of respective pregnancy. 
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Figure 12. Representative photomicrographs of kidney histology. Vasculitis (A) and 

normal glomerular structure (A,C) of virgin kidneys, multiparous kidney with massive 

mononuclear infiltrate (B) and sclerotic glomeruli (D). (A,C: H&E stain; B,D: PAS 

stain). 

 

Proteinuria levels started to increase at 12 weeks of age (median 0.22±0.07 

mg/24h  vs 0.38±0.2, V vs M, p=0.029, n=5-8/group) and reached 2.0 mg/day at week 

20 in multiparous animals (n=5), while virgin mice (n=8) showed only mild increase in 

proteinuria (Figure 11.A). Proteinuria of multiparous mice after the first pregnancy was 

significantly higher than before pregnancy (p=0.029, compared to 8 weeks of age, n=5-

8/group). In addition, surviving multiparous animals showed significantly worsened 

kidney function and 70% of M mice died with uremic symptoms during follow up. 

BUN levels closely paralleled proteinuria.  

The severe kidney dysfunction was accompanied by elevated mean arterial 

blood pressure (Figure 11.B) 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 
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and tubulointerstitial damage indices (Figure 11.C) as well as perivascular infiltration  

were more severe in the multiparous group (Figure 12). However, there was no 

difference in the extent of periglomerular infiltration (median score: V:0.76 vs M:0.74, 

ns, n=9/group) and vascular damage indices between the groups (median score: V:1.49 

vs M:1.71, ns, n=9/group).  

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

two groups (median: V:320 vs M:384 cells/mm2, ns, n=8/group). Evaluation of IgG 

(Figure 13.A,B) and C3 (Figure 13.C,D) in cryostat kidney sections showed an 

increased deposition of both IgG (median fluorescence intensity: V:31.1 vs M:47.1, 

p=0.02, n=4/group) and C3 (median score: V:2.04 vs M:2.76, p=0.033, n=4/group) in 

multiparous mice. 

 

 

Figure 13.  Representative photomicrographs of IgG and C3 deposition in the 

kidneys. A,B: Direct immunofluorescence of IgG deposits (A: Virgin, B: Multiparous). 

C, D: Immunohistochemistry of C3 (C: Virgin, D: Multiparous). Magnification x400. 
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4.2.2. Lymphoproliferation and anti-dsDNA levels 

Systemic change in cytokine balance during pregnancy can possibly affect 

lymphoproliferation, B-cell activity and/or autoantibody levels, both systemic 

characteristics of SLE in MRL/lpr mice. Despite the fact that the proportion of CD8+ T-

cells was consistently lower in blood samples of multiparous mice (V: 6.48 ± 0.94 vs. 

M: 4.8 ± 1.16, mean percent of total lymphocytes ± SD), there was no difference in the 

percentage of  CD4- CD8- B220+ DN cells (V: 67 ± 9.3 vs. M: 62.1 ± 18.3) or CD19+ B-

cells (V: 1.86 ± 1.48 vs. M: 1.43 ± 1.15) between the groups. Anti-dsDNA antibody 

levels in the plasma of multiparous animals were similar to those of virgin mice 

(median OD450 at 12 weeks: V:0.226 vs M:0.232; at 20 weeks: V:0.317 vs M:0.294, ns, 

n=10/group). There was no significant difference in spleen or lymph node enlargement 

between the groups (data not shown). 

 

4.2.3. IFN-γ  production in the blood and the kidney 

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

when compared to virgin animals at the time of harvest (Figure 14.A), supporting the 

idea that pregnancy is accompanied by a diminished systemic production of 

proinflammatory cytokines [143, 156]. 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. Interestingly, in the kidneys of 

multiparous mice, expression of IFN-γ, IL-10 and IL-4 were significantly higher 

compared to virgins (Figure 14.B,C).  
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Figure 14. Cytokine expression in blood and kidneys. A: Plasma IFN-γ levels were 

significantly lower in multiparous mice at the time of harvest, compared to virgins 

(p=0.028, n=4/group, Mann-Whitney-U test). B-D: Renal cytokine mRNA expression 

analysis showed upregulation of both IFN-γ (B, p=0.005, V:n=11, M:n=9), IL-10 (C, 

p=0.033, V:n=11, M:n=9) and IL-4 (D, p=0.009, V:n=8, M:n=7) in multiparous 

animals. Data are presented as medians ± 75% quartiles, *: p<0.05, **: p<0.01 V vs M, 

Mann-Whitney-U test. 
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5. DISCUSSION 

 

5.1 DISCUSSION A (RENAL FIBROSIS) 

 

Surgical 5/6 nephrectomy (subtotal nephrectomy, SNX) in the rat is a widely 

used model for experimentally induced progressive GS. In 1981, Brenner and Hostetter 

demonstrated more than two decades ago that the hyperfiltration of the remnant 

nephrons act as progressive factor for GS [157]. Experimental renal failure by surgical 

ablation leads to marked structural alterations of the remaining renal tissue, i.e. 

glomerular hypertrophy, glomerulosclerosis, vascular lesions and tubulointerstitial 

damage [158, 159]. The outcome of glomerular remodelling depends on the balance 

between healing and scarring influences. Resolution of microinflammation, return of 

glomerular cells to a mature phenotype, halting the excessive ECM synthesis, and the 

breakdown of the deposited ECM favour healing. By contrast, persistent and continuing 

activation damage of the glomerular endothelial-mesangial-epithelial axis will lead to 

cell death through apoptosis as well as their replacement by ECM (Figure 15). 

Apart from hypertension, several non-haemodynamic factors are thought to play 

a role in the development of such renal changes, e.g. glomerular growth, activation of 

the local renin-angiotensin systems, inappropriate activation of the sympathetic nervous 

system, elevated levels of parathyroid hormone, to name only a few. It is well known 

that systemic hypertension accelerates progression of renal failure [160]. Conversely, 

antihypertensive treatment prevents progression [161]. Several studies [162, 163] 

demonstrated class-specific effects of different antihypertensive agents, particularly 

ACE inhibitors. Such actions can possibly be dissociated from lowering of (casual) 

blood pressure [161, 162]. This observation supports the notion that non-hemodynamic 

actions are involved. 

We deliberately used a model of moderate ablation of cortical mass by surgical 

resection causing reproducible reduction of the number of glomeruli (table 4). Resection 

involved the outer cortex, so that the kidney remnant contained a disproportionate 

number of juxtamedullary glomeruli, which are known to have higher glomerular 

capillary pressure [164] and to be more susceptible to injury.  
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Figure 15. Possible pathomechanism of progressive renal fibrosis. The applied 

therapies in our experiment (blue box with blue arrow) inhibited the overactivation of 

the sympathetic nervous system (SNS) and the overproduction of angiotensin II 

(AngII), the two major contributors of progression (red box). 

 

From the large scale of available ACE-inhibitors we deliberately used Quinapril, 

as it has been reported, that this formulation can reach the highest tissue concentrations 

in the kidney, and thus would best inhibit local tissue RAS [165]. 

High dose ACE inhibitor strikingly attenuated the development of glomerulosclerosis as 

well as tubular and interstitial damage, confirming previous results. In ACE inhibitor 

treated animals podocyte volume and mesangial cell numbers were strikingly lower. 

Furthermore we saw diminished TGF-β1 expression and less staining for nitrotyrosine in 

podocytes. These results further support the importance of non-hemodynamic actions of 

AngII, as it is capable of inducing the production of oxgene radicals, cytokines, 

stimulation of ECM synthesis, apoptosis, proliferation and hypertrophy [37, 166]. 
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Hypertension in chronic renal disease is to a large part due to sympathetic 

overactivity triggered by afferent signals emanating from the kidney and  resetting 

sympathetic tone by stimulation of hypothalamic centres [167]. Sympathetic 

overactivity not only elevate blood pressure but accelerate progression of renal failure. 

Renal sympathetic nerves are a critical link between the sympathetic nervous system 

and long-term arterial pressure control [168]. We did not intend to eliminate efferent 

renal sympathetics as this may increase renal resistance [70] and cause denervation 

natriuresis [71] leading to a rebound activation of RAS. Such stimulation of RAS 

synthesis might have obscure the findings in the rhizotomy single intervention group. 

Thus, we prefered a more selective surgical ablation of sympathetic afferentation from 

the diseased kidney, leaving the rest of the sympathetic nervous system intact.  

One of the main effects of the SNS in the kidney is activation of the 

juxtaglomerular apparatus [169]. General sympathetic inhibition has been shown to be 

nephroprotective: in SNX rats moxonidine or metoprolol reduced glomerular damage 

blood pressure independently [67, 68].  Also in patients, the general inhibition of the 

SNS by moxonidine prooved beneficial on top of RAS inhibition in progressive renal 

disease [170, 171]. In their paper, Vonend et al conclude, that the idea of a 

sympatholytic drug to be renoprotective is appealing but needs further evaluation. 

Finally, in diabetic patients reduction of sympathetic activity by moxonidine lowered 

albumin excretion independent of blood pressure [172]. 

 

Elimination of sympathetic activity by rhizotomy, i.e. through the interruption of 

the afferent sympathicostimulatory signals emanating from the kidney, had strikingly 

beneficial effects on glomerulosclerosis and indices of interstitial damage. Rhizothomy 

also led to greater length density and total length of glomerular capillaries. This finding 

is consistent with the observation that sympathetic activity suppresses capillary 

formation in the heart [173]. These findings were accompanied by markedly lower 

albuminuria. SNS inhbition proved to be more protective than RAS inhibition in 

prevention of interstitial collagen deposition and preserving GFR as demonstrated by 

retention parameters (serum creatinine, BUN).  
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In addition, rhizotomy amplified the beneficial effects of ACE inhibitor. 

Albuminuria was significantly lower in SNX rats with Quinapril plus rhizotomy. 

Tubular and interstitial damage indices were also significantly lower than in SNX on 

Quinapril monotherapy. Additional benefit of SNS inhibition over maximal RAAS 

inhibition suggests RAS independent beneficial effects of SNS inhibition. 

 

Systolic blood pressure by tail pletysmography and telemetry was lowered, but 

not normalized, by rhizotomy alone, confirming results of Campese [65]. Modest 

further reduction in systolic blood pressure was seen in SNX treated with Quinapril plus 

rhizotomy. Although tail pletysmography showed significant differences in blood 

pressure between groups, these differences were minimal by telemetry, the more 

reliable method. It is unlikely that such small blood pressure differences account, for 

instance, for the marked differences of nitrosoxidative stress in podocytes.  

 

Paradoxically, but in line with our previous experiments Quinapril treated 

animals consistently had higher serum creatinine and urea concentrations, possibly 

because of lower glomerular capillary pressures and filtration rates secondary to 

diminished efferent resistance [67, 174]. The serum creatinine concentration was 

significantly (p<0.05) lower in animals with rhizotomy, either alone or in combination 

with Quinapril, possibly pointing to an independent beneficial effect of reduced 

sympathetic activation on intrarenal hemodynamics. Sympathetic signals are a potent 

stimulus for renin transcription and secretion [75, 169], but in animals with RAS 

blockade it is unlikely that the effect of abrogation of sympathetic activity was mediated 

by changes in renin secretion, since the high dose of the ACE inhibitor had already 

caused major inhibition of the juxtaglomerular RAS. In animals with rhizotomy, but not 

on Quinapril, the length density per glomerulus was largely preserved. It had previously 

been shown that in SNX rhizotomy normalized the reduced capillary length density in 

glomeruli [68] and the same had previously been noted in the heart [173]. Rhizotomy 

failed to affect glomerular capillary length density in sham operated animals, but it 

apparently modulated the effect of nephron loss on glomerular capillarogenesis. 

Interestingly, changes in capillary length density were not accompanied by 

commensurate changes in endothelial cell number and endothelial cell volume: the 
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endothelial cell number was influenced by Quinapril, but not by rhizotomy. Angiotensin 

II is known to be an agonist for mesangial cell proliferation; it is therefore not surprising 

that in Quinapril treated SNX the mesangial cell number was lower. It was not affected 

by rhizotomy despite the known role of catecholamines on mesangial cell proliferation 

[175]. The increase in podocyte volume was partially reversed by Quinapril. This 

observation is consistent with recent observations that podocytes have a potent local 

RAS, can produce AngII and express AT1 receptors [15].  

 

Certainly the best established and one of the most investigated profibrotic 

cytokines in renal scarring is TGF-β1. Glomerular TGF-β1 expression was significantly 

lower in SNX animals treated by combination therapy. It is true that ANGII increases 

the expression of TGF-β1 and this is thought to mediate the profibrotic action of ANGII 

[176, 177], but sympathetic acrtivity also seems to play a role: moxonidine decreased 

glomerular TGF-β1 mRNA in SNX rats [67]. 

 

Nitrotyrosine is a stable metabolite of oxidatively modified nitrogen monoxide 

(NO), a result and a marker of nitros-oxidative stress. A 10-fold elevation of 

nitrotyrosine staining despite reduced expression of nitrogen monoxide synthases 

(eNOS), suggests massive oxidative stress in untreated SNX animals. Nitrotyrosine was 

mainly localized to podocytes, and the oxidative injury in podocytes could significantly 

contribute to progression of GS in our model. Double intervention preserved both eNOS 

expression, and normalized nitrotyrosine staining to sham-control levels. 

 

Experimental evidence suggests that proteinuria has also an important role in the 

initiation of tubulointerstitial inflammation [178]. Proteinuria, for example, is a potent 

stimulator of the RAS in proximal tubular cells [179]. Excessive reabsorption of 

albumin by proximal-tubule cells in vitro stimulates the release of various 

proinflammatory mediators including chemokines. These agents in turn could attract 

inflammatory cells to the renal interstitium and initiate interactions with interstitial 

fibroblasts. Activation and proliferation of fibroblasts and myofibroblasts and the 

associated excessive synthesis of ECM could culminate in interstitial fibrosis [180, 

181].  
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Injured tubules undergo programmed cell death (apoptosis) leading to tubular atrophy 

and the formation of atubular glomeruli. Under the influence of TGF-β1, some tubular 

cells become transformed into an embryonic phenotype, thus acquiring mesenchymal 

properties similar to those of fibroblasts and myofibroblasts [12, 181, 182]. Tubular 

cells could therefore contribute to the pool of cells directly involved in renal 

fibrogenesis. The outcome of tubulointerstitial injury depends on the capacity of 

inflammation to regress, tubules to regenerate, fibroblasts to die, and ECM to be broken 

down. Continuing injury, inflammation, and fibroblast activation and proliferation will 

lead to irreversible fibrosis. In our study, tubular damage was markedly reduced by 

Quinapril treatment. But more importantly, Quinapril plus rhizotomy could completely 

normalize tubular and interstitial damage scores, further supporting the beneficial effect 

of combination therapy over monotherapies. 
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5.2 DISCUSSION B (LUPUS NEPHRITIS) 

 

The design of our study deserves some comment. Allogeneic matings (with 

NMRI males) were performed primarily for their relevance to humans, as the clinical 

case is generally the combination of a healthy, allogeniec male + lupus patient mother. 

Secondly, congenic MRL/lpr males have low testosterone level [183] and low fertility. 

Thus, the rate of matings can not be calculated exactly, which does not allow the exact 

timing of parturition required in our study. Therefore, we could not include a syngeneic 

control group. It has to be noted, that in our MRL/lpr breeder colony, we have observed 

similar amelioration of skin disease, but a shortened life span compared to non-breeder 

females. This suggests that the observed alterations in disease activity are rather a 

consequence of pregnancy per se and not of the repeated allogeneic exposure. In 

conclusion, although the present study cannot dissect the effects of repeated allo-

exposures from the effects of repeated pregnancies, the two cannot be separated in the 

clinical situation either, as human pregnancies are always allogeneic.  

 

In multiparous mice, a faster deterioration of kidney function was manifested in 

elevated blood pressure and a shortened survival period. Although 7 month (28 weeks) 

50% survival in control MRL/lpr mice suggests an unusual mild disease, similar results 

with even longer (33 weeks) 50% survival had been observed by Robey et al [184].  

Factors possibly contributing to long survival are, that animals at our facility are housed 

in an individually ventilated cage (IVC) system, which provides a strong protection 

from pathogens – a possible stimulus to the immune system inducing or exacerbating 

the autoimmune pathology. Furthermore, for the present experiment, animals were 

housed two per cage (in large cages), further reducing disease promotion by fighting 

behavior. 

Renal flare and pre-ecplampsia are sometimes hard to distinguish in human SLE 

pregnancy. This clinical observation rise the possibility of pre-ecplamtic effects in our 

experiment. Despite we found elevated blood pressure in multiparous mice after the 

third pregnancy (130-140 mmHg), this hypertension did not reach the typically high 

levels of the murine model of pre-eclampsia (220-250 mmHg [185]). Moreover, we did 

not see the typical glomerular hypercellularity and increased periglomerular inflitration 
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described in the murine pre-eclampsia model, but found no difference in periglomerular 

infiltration between multiparous and virgin mice. Furthermore, the timing of death in 

the multiparous group was not associated with third trimester of pregnancy, but death 

was always accompanied by symptoms of renal failure. These observations suggests 

that pregnancy itself did not lead to pre-eclampsia in MRL/lpr mice, and we interpret 

the rise in blood pressure as a symptom of diminishing renal function. 

 

In murine experiments, as well as in normal human pregnancy, there is a 

systemic cytokine profile change during gestation including increased production of IL-

4 and IL-10  [139, 142, 143, 156] accompanied by decreased IFN-γ expression [186].  

Lupus nephritis in the MRL/lpr mice and other murine lupus models [118, 119], 

as well as in humans, has been strongly associated with a predominant proinflammatory 

cytokine [187] and IFN-γ overproduction [188, 189]. Elevated IFN-γ production has 

been demonstrated in MRL/lpr mice, compared to MRL controls [118] and IFN-γ 

knockout MRL/lpr [190] mice had dramatically ameliorated nephritis [119] and 

improved survival time. The induction of IFN-γ production (by administration of IL-12 

[191]), worsened the progression of glomerulonephritis [192, 193] and decreased 

intrarenal IFN-γ production (in IL-12p40 knockout mice) delayed the onset of nephritis 

in MRL/lpr mice [194]. In NZBxNZW F1 mice, administration of IFN-γ exacerbated 

lupus nephritis while the administration of a monoclonal anti-IFN-γ antibody  

ameliorated the progression of lupus nephritis [195]. Lupus patients with diffuse 

proliferative nephritis showed increased IFN-γ expression levels both in blood and 

kidney biopsy samples [187, 196]. In summary, IFN-γ seems to be a key exacerbating 

cytokine in  lupus nephritis. These data support our observation that, in renal samples of 

the M group with more severe nephritis, IFN- γ production was enhanced, despite lower 

serum IFN-γ levels in these animals. 

 

Whether  IL-10 and IL-4 are beneficial or deleterious in lupus is still a point of 

discussion. IL-10 is an important anti-inflammatory cytokine which inhibits 

mononuclear cell infiltration [123, 124]. On the other hand, IL-10 acts as a potent 

activator of B-cells, promoting antibody production [122]. In the MRL/lpr model, IL-10 

knock-out mice had accelerated glomerulonephritis with shortened survival time, 
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compared to wild type MRL/lpr. Administration of recombinant IL-10 to MRL/lpr mice 

ameliorated the disease [127], suggesting a protective role of IL-10 [127].  

 Surprisingly, not only IFN-γ but the anti-inflammatory cytokines IL-10 and IL-4 

were also augmented in multiparous kidneys. There is evidence that treatment of mice 

with both anti-IL-4 [197] and anti-IL-10 [198] antibodies ameliorated lupus nephritis, 

thus supporting our hypothesis that high IL-10 levels in the kidney may  worsen 

nephritis via promoting B-cells to produce autoantibodies, leading to increased 

glomerular IgG deposition. In a recent study, Enghard et al. described a positive 

correlation between both IL-4 and IL-10 production and kidney damage of lupus prone 

NZB/W F1 mice, supporting our results [199]. A recent study on human kidney biopsies 

also described high glomerular IFN-γ and IL-10 mRNA expression [200], and the 

expression of these cytokines correlated with disease activity. These findings are 

supported by the study of Lit and collegues as well. They found singificantly higher 

relative IFN-γ/IL-4 mRNA expression in kidneys of lupus patients, compared to healthy 

controls [201]. All these clinical observations further support our findings in pregnant 

MRL/lpr mice. 

 

The high IFN-γ expression inspite of IL-10 overexpression in multiparous 

kidneys seem to be suprising. A possible explanation could be that, at the age of the first 

pregnancy (8 weeks) young females already had detectable circulating autoantibodies, 

thus possibly had glomerular immune deposits also. Deposited immune complexes 

might have activated mesangial cells and recruited macrophages to produce IFN-γ. 

Elevated IL-10 production during gestation may result in B-cell activation and further 

immune complex deposition, thus enhancing local inflammation and IFN-γ production, 

leading to a self-sustained propagation of nephritis (Figure 16). Indeed, we found a 

deterioration in kidney function in our experiments beginning right after the first 

pregnancy, at 12 weeks of age. Moreover, we investigated the cytokine mRNA 

expression in MRL/lpr as well as MRL wild type mouse kidneys on day 14 of the first 

pregnancy, and found not only significantly higher IFN-γ and IL-10 expression 

compared to age-matched non-pregnant mice, but pregnancy increased glomerular IgG 

and C3 deposition as well  (unpublished data). Recent studies in the autoimmune 
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NZB/W F1 mice suggest that cellular infiltration into the kidneys is a process regulated 

by local chemokine production [202].  

 

 

Figure 16. Possible role of cytokines on the pathomechanism of lupus nephritis in 

pregnant MRL/lpr mice. (Black arrow: activation, dotted arrow: inhibition.) 

 

 

Renal blood flow increases about 30% in pregnancy, which leads to elevated 

intraglomerular pressure and elevated proteinuria. The higher intraglomerular pressure 

could activate endothelial cells, thus enhance the inflammatory phenotype. In our study, 

we found a mild proteinuria in virgin mice, but multiparous animals had markedly 

higher levels right after the first pregnancy. These results suggest that the hemodynamic 

changes could partly explain the high local IFN-γ expression, despite high IL-10 levels 

in multiparous kidneys. However, there is also evidence that pregnancy did not 

exacerbate proteinuria or histology in the rat models of renal mass reduction and 

Heymann nephritis [203, 204].  
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Hormonal changes during gestation are further issues that possibly affect the 

progression of SLE during pregnancy. Estrogens and progesterone have 

immunomodulatory effects. Estrogens may both stimulate or inhibit immune responses 

(reviewed in: [205]). Estrogens markedly enhance IL-10 production in human Th cells 

[206], raising the possibility of lupus nephritis exacerbation during pregnancy. Indeed, 

acceleration of glomerulonephritis was reported in MRL/lpr mice after estrogen 

administration [207, 208]. Another study showed an opposite effetc of estrogen in 

MRL/lpr mice [209]. Lupus of NZB/W F1 mice was ameliorated after high estrogen 

treatment [210], but Verheul and collegues reported that physiological doses of 

ethynilestradiol did not significantly affect lupus symptoms in NZB/W F1 mice [211]. 

We have previously demonstrated the nephroprotective effect of physiological doses of 

estrogens in the rat model of renal mass reduction [212]. In that study, estrogen 

administration markedly decreased proteinuria and the local production of TGF-ß. 

However, these beneficial effects were abolished when estrogen was co-administered 

with progesterone [212]. Elevation of serum estriol is often found in female patients 

with SLE, and sometimes is linked to active disease [213]. Progesterone favors a shift to 

Th2 type immune response [214], increases IL-4 production by T-cells [215], thus it 

may worsen lupus nephritis. However, it has also been recently suggested that the 

deleterious effect of estrogens is caused by the upregulation of prolactin. Prolactin alone 

is known to have deleterious effects on autoimmune disease [153], and to avoid this 

confounding factor pups were weaned immediately after birth in our study to avoid 

lactation, and prolactin production of M mice. Based on literature data, we can conclude 

that the role of sex-hormones in pregnancy-associated changes of lupus activity is 

controversial. A possible background of this controversy could be the organ-dichotomy 

we observed. 

 

 There was no difference in anti-dsDNA levels between multiparous and virgin 

mice, although serum IFN-γ levels were significantly lower in pregnant mice. We 

interpret the systemic change in IFN-γ as a cause of the systemic immune regulatory 

effect of pregnancy. Our finding of unchanged autoantibody levels seem to contradict 

the theory of Th2 shift in pregnancy, as an elevated anti-dsDNA level would be 

expected. However, the MRL/lpr mice have a genetic defect on Fas molecule, therefore 
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an uncontrolled systemic lymphoproliferation. The percentage of B-cells amongst 

PBMCs as well as splenocytes were similar in both groups, and this could explain the 

similar autoantibody levels observed, suggesting that systemic autoantibody production 

is not influenced by hormonal changes in pregnant MRL/lpr mice. Our observation of 

accelerated kidney disease suggest that local immune regulation could be at least partly 

independent of systemic changes. 

 

Our findings suggest an important role of local immune regulation of lupus 

nephritis during pregnancy, independent of systemic changes of the cytokine profile. 

Moreover, pregnancy markedly aggravated lupus nephritis in our study, according to 

recent human data. In a retrospective clinical study of 61 pregnant lupus patients, 

Cavallasca et al. found a high rate of disease exacerbation during pregnancy, as well as 

46% of preterm deliveries [216]. Thus, better understanding of the pathophysiology in 

lupus pregnancies might lead to more effective clinical management of these patients. 



 

68 

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. 

 

 

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. 
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7. ABSTRACT 

 

Progressive renal fibrosis due to ongoing inflammation is the final common 

pathway of chronic renal failure (CRF), regardless of the etiology. The renin-

angiotensin system is a key mediator of kidney fibrosis, and ACE inhibitors are widely 

used in the treatment of CRF patients. Blood pressure independent blockade of the 

sympathetic nervous system (SNS) also ameliorated kidney fibrosis in experimental and 

clinical studies. Although these therapeutic modalities have non-hemodynamic anti-

inflammatory effetcs, monotherapies failed to halt disease progression. We investigated 

whether combined inhibition of the two systems provides additive renoprotection in 

experimental progressive glomerulosclerosis. In our model of subtotal nephrectomy 

(SNX), SNS blockade was achieved by dorsal rhizotomy and ACE was inhibited using 

Quinapril for 3 months. Blood pressure was not significantly influenced, but combination 

therapy markedly reduced both glomerulosclerosis and albuminuria. In the combination 

group, hypertrophy and oxidative stress of podocytes as well as glomerular TGF-ß 

production was reduced to sham levels. In conclusion, combination of ACE inhibitor plus 

SNS blockade provideded additional renoprotection to single interventions, demonstrating 

the independent contribution of these systems to progressive renal fibrosis. 

Glomerulonephritis in systemic lupus erythematosus (SLE) may also lead to 

CRF. As the majority of patients are young women, the possible effect of pregnancy on 

progression is of great importance. Clinical data are contradictory, and little is known 

about the pathophysiology of nephritis in pregnancy. We investigated the effect of 

pregnancy on systemic autoimmunity of SLE prone MRL/lpr mice. Multiparous mice 

underwent 3 consecutive pregnancies. Kidney function, organ pathology and cytokine 

expression was compared to virgin mice. Survival and kidney function was dramatically 

reduced and accompanied by hypertension in multiparous group, associated with 

glomerular IgG and C3 deposition and increased local IFN-γ and IL-10 expression. 

However, serum IFN-γ level was reduced. We conclude that local cytokine production 

may play an important role in the aggravation of nephritis due to pregnancy, 

independently of systemic cytokine response. This study supports the hypothesis, that 

the extent of renal involvement is influenced by local factors in systemic lupus. 
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8. MAGYAR NYELVŐ ÖSSZEFOGLALÓ 

Krónikus kísérletes gyulladásos vesebetegségek molekuláris mechanizmusai 

 

A gyulladás mediálta progresszív vesefibrózis etiológiától függetlenül számos 

krónikus vesebetegség  (KVB) végsı közös útja. A renin-angiotensin rendszer központi 

szerepet játszik, így az ACE gátlók általánosan használt gyógyszerek KVB esetén. 

Emellett számos klinikai és kísérletes vizsgálatban nyert bizonyítást, hogy a szimpatikus 

idegrendszer (SZIR) vérnyomástól független gátlása lassítja a progressziót. Ezen 

kezelések hemodinamikától független gyulladáscsökkentı hatása ellenére 

monoterápiában nem képesek megállítani a progressziót. Ezért megvizsgáltuk, vajon e 

két rendszer együttes gátlása erısebb védı hatással bír-e kísérletes progresszív 

glomeuloszklerózisban. Szubtotális nefrektómia modellünkben dorzális rizotómia 

alkalmazásával értük el a SZIR gátlását, míg ACE gátláshoz ivóvízben oldott Quinaprilt 

adtunk az állatoknak. Egyik kezelés sem befolyásolta a vérnyomást. Ugyanakkor a 

kombinált kezelés erıteljesen csökkentette mind a glomeruloszklerózis, mind az 

albuminura mértékét, és az ál-operált állatokban mért szintre szorította vissza a 

podocitákat ért oxidatív stressz mértékét és a podociták térfogatát, valamint a 

glomeruláris TGF-ß szintet. Mindebbıl arra következtettünk, hogy ACE-gátló és SZIR 

gátlás együttes alkalmazása a monoterápiáknál erısebb védelmet biztosít.  

A szisztémás lupus erythematosus-ban (SLE) kialakuló glomerulonephritis 

szintén KVB-hez vezethet. A betegek többsége fiatal nı, ezért fontos lenne tudni a 

terhesség progresszióra kifejtett hatását, azonban a klinikai vizsgálatok ellentmondóak. 

Ezért lupusos MRL/lpr egerekben vizsgáltuk a terhesség szisztémás autoimmunitásra 

gyakorolt hatását. A multipara (M) állatokban 3 egymást követı vemhesség után 

vizsgáltuk a vesefunkciót, szövettant és citokin termelést, összehasonlítva a virgo (V) 

egerekkel. Az M csoportban drámai halálozást, beszőkült vesefunkciót és hypertóniát 

találtunk, melyhez glomeruláris IgG és C3 lerakódás valamint emelkedett renális IFN-γ 

és IL-10 expresszió társult, szemben az alacsonyabb serum IFN-γ szinttel. 

Eredményeink alapján feltételezzük, hogy a helyi citokin termelésnek fontos szerepe 

lehet a nephritis súlyosbodásában terhességben, függetlenül a szisztémás citokin 

választól. Kísérletünk megerısíti azon hipotézist, mely szerint szisztémás lupusban a 

vesebetegség kialakulását ill. súlyosságát elsısorban lokális faktorok befolyásolják. 
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