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1. Abbreviations 

ABC     Streptavidin-biotin conjugated peroxidase 

APAAP Alkaline phosphatase anti-alkaline phosphatase 

Apaf-1  Apoptotic protease activating factor-1 

CAN    Chronic allograft nephropathy 

Caspase Cysteinyl aspartatic acid protease  

DAB  3, 3’-diaminobenzidine 

DISC  Death inducing signalling complex 

FADD  Fas-associated death domain protein 

H. E.  Hematoxylin and Eosin 

ICE  Interleukin-1ß converting enzyme 

IFN-γ  Interferon-γ 

IL-1ß  Interleukin-1ß 

PAS   Periodic acid-schiff 

PBS  Phosphate buffered saline 

PCNA  Proliferation cellular nuclear antigen 

PDGF  Platelet derived growth factor 

PS  Phosphatidylserine  

RPA  RNase protection assay  

RT-PCR Reverse transcription polymerase chain reaction 

TGF-ß  Transforming growth factor-ß 

TNF  Tumor necrosis factor 

TNF-R Tumor necrosis factor receptor 

TOR  Target of rapamycin 

TUNEL Terminal deoxynucleotidyl transferase-mediated dUTP nick end labelling 
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2. Introduction 

In 1954, the first successful kidney transplantation in human was performed from one 

twin to another. Since then it gradually developed to the treatment of choice for patients with 

end-stage renal disease. One year graft survival has improved during recent years due to better 

immunosuppressive protocols, namely the use of cyclosporine A, and an improved follow-up 

of the patients after transplantation (45). However long-term allograft survival was not 

prolonged remarkably (45).  

Chronic allograft nephropathy (CAN) and death of the patient with a functioning graft are 

the most important causes of long-term graft loss. CAN is clinically characterized by a 

progressive graft dysfunction with decreasing creatinine clearance and increasing proteinuria 

which is not related to calcineurin inhibitor toxicity and recurrent or de novo renal disease 

(37). Histologically it is characterized by a non-specific picture consisting of glomerulopathy, 

vasculopathy, interstitial fibrosis, and tubular atrophy (23). Both alloantigen-dependent 

(histoincompatibility, anti-donor specific antibodies, number of acute episodes) and 

alloantigen-independent factors (ischemia / reperfusion injury, age, gender, lipid 

abnormalities, and hypertension) are involved in the pathogenesis of CAN (20).  

A variety of growth factors, such as transforming growth factor-ß (TGF-ß), and platelet 

derived growth factor (PDGF)-A and –B contribute to the interstitial fibrosis in progressive 

CAN (44). They are released by activated macrophages, T lymphocytes, and endothelial cells, 

promote mesangial cells and fibroblasts, and result in enhanced extracellular matrix synthesis 

as well as arterial intimal hyperplasia and fibrosis.  

There is still no effective treatment to inhibit or prevent CAN. Recently everolimus was 

found to be a potent immunosuppressive agent. It not only inhibits the proliferation of 

immune but also that of non-immune cells (41). Interestingly, the tissue remodelling process 

which occurs during CAN is associated with an increased number of activated and 
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proliferating cells. Therefore everolimus could induce apoptosis of activated cells, thus 

clearing them from the graft resulting in an interruption of the remodelling process with 

improved graft function and long-term outcome.  

 

2.1 Apoptosis and kidney transplantation 

2.1.1 Apoptosis and apoptotic pathway 

Apoptosis was first described by Kerr et al. in 1972, and is morphologically characterized 

by cellular blebbing, chromatin condensation, nuclear fragmentation, loss of cell-cell contact, 

and cell shrinkage. Apoptosis leads to an internucleosomal cleavage of DNA (7), 

translocation of phosphatidylserine (PS) to the external surface of the cell membrane (32), and 

proteolytic cleavage of intracellular structural proteins eventually leading to a loss of cell 

integrity and cell death (31). It is an active, energy consuming process which participates in 

the regulation of cell number and proliferation.  

 Two of the key signalling pathways of apoptosis are the death receptor pathway and the 

mitochondria pathway (15) (Figure 1).  
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Receptor mediated apoptosis can occur after binding of the respective ligand (FasL, TNF) 

to the Fas- or TNF- receptor. The Fas receptor (also called Apo-1 or CD95) is a death 

domain-containing member of the tumor necrosis factor receptor (TNF-R) superfamily (3). Its 

expression can be upregulated by cytokines, such as tumor necrosis factor (TNF) and 

interferon-γ (IFN-γ) on various cells such as lymphocytes and tubular cells (48, 15). After 

binding of FasL to Fas receptor, death inducing signalling complex (DISC) is formed. It 

activates the procaspase-8 which in turn activates caspase-3 and other caspases in a cascade 

like fashion (22, 49). 

The cysteinyl aspartatic acid proteases (caspases) play a critical role in the execution 

phase of apoptosis and are responsible for many biochemical and morphological changes 

associated with apoptosis (2). 14 caspases have been identified so far, which all share a 

similar structure and substrate specificity. They are divided into inflammatory caspases, such 

as Caspase-1; and executioner caspases, such as Caspase-3, -6, and -7 (35). 

 Interleukin-1ß converting enzyme (ICE; Caspase-1) is linking apoptosis and 

inflammation as it cleaves interleukin-1ß (IL-1ß) which is a potent inflammatory mediator 

from a pro-form (52).  

Caspase-3 is of pivotal importance in the caspase cascade as it is the one ultimately 

responsible for the majority of the apoptotic effects, although it is supported by two others, 

Caspase-6 and -7. Together, these three executioner caspases cause the apoptotic phenotype 

by cleavage or degradation of several important substrates, such as the high-and low-

molecular weight DNA-fragmentation and the externalization of PS during apoptosis (29, 30).  

The mitochondria pathway  induces apoptosis via the release of cytochrome C that forms 

together with the apoptotic protease activating factor-1 (Apaf-1) and procaspase-9 a complex 

molecule called ‘apoptosome’ in the cytoplasm. As a result caspase-9 and caspase-3 are 

activated which initiate the final pathway of apoptosis (52). The release of cytochrome C is 
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regulated by members of the Bcl-2 family. This family was first discovered in follicular B-

cell lymphoma. Among the 19 identified members, Bcl-2 and Bax seem to be of particular 

importance for the regulation of apoptosis. Bcl-2 has apoptosis inhibiting and Bax has 

apoptosis promoting properties (53). Bax molecules can associate to homodimers, thus 

forming channels resulting in the translocation of cytochrome C into the cytosol. Bcl-2 

inhibits the formation of these channels through binding to Bax and form Bcl-2-Bax 

heterodimers (1). Thus it depends on the ratio between Bcl-2 and Bax whether apoptosis is 

induced or inhibited.   

 

2.1.2 Apoptosis and kidney transplantation 

Under physiological conditions apoptosis participates in tissue homeostasis as it 

counteracts cell proliferation. This is also of pivotal importance during embryogenesis and 

organogenesis. However, apoptosis might also be involved in acute rejection of renal 

transplantation and CAN (18, 25, 50). Furthermore, apoptosis occurs during reperfusion in 

human renal allograft from cadaveric donors (6).  

Although the role of apoptosis during rejection of kidney grafts is still debated, it appears 

likely that apoptosis plays a role in the pathogenesis of acute rejection and CAN as a shift 

towards the expression of the pro-apoptotic Bax protein with respect to a expression of Bcl-2 

protein has been observed in renal tubuli with acute rejection and CAN as compared to 

normal functioning allograft (8, 34, 36). 

 

2.2 Everolimus in kidney transplantation 

The rapamycin derivate 40-O-(2-hydroxyethyl) - rapamycin (everolimus) is a new, orally 

applicable macrolide immunosuppressive agent (41).  
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It efficiently prevents graft rejection in animal models of chronic renal allograft rejection 

(46). Everolimus and rapamycin bind to a cytosolic protein called target of rapamycin (TOR). 

Everolimus inhibits cell-cycle progression from G1 to S phase by blocking IL-2 receptor and 

CD28-dependent signalling pathways (4, 42). This effect is not restricted to immune cells, but 

also affects non-immune cells such as fibroblasts and smooth muscle cells (19, 42). 

Furthermore, everolimus can induce apoptosis of activated non-immune cells, such as 

rheumatoid synovial cells, rhabdosarcoma cells and promyelocytic leukemia cell line (21, 33, 

43).  

Hypercholesterolemia and hypertriglyceridaemia have been observed in clinical studies of 

everolimus in renal transplant patients. Such lipid abnormalities are treated by diet and CSE-

inhibitors. However only little is known about long term effects (5). 

 

2.3 Study aims  

Until now, the relationship between apoptosis and everolimus in CAN has been unclear. 

The present study investigated: 

- Whether everolimus could ameliorate CAN even the treatment was delayed; 

- Whether everolimus could affect the number of apoptotic cells in CAN and how apoptosis 

regulating factors were affected; 

- What the effects were on cell proliferation in the graft; 

- How it affected the growth factor mRNA expression.    
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3. Materials and Methods 

3.1 Animals 

       Naive inbred male Fisher (F344, RT1v1) and male Lewis (LEW, RT1) rats (Charles 

River, Sulzfeld, Germany), weighing 170-210 g, were kept under standard conditions and fed 

with rat chow and water ad libitum. All experiments were approved by a governmental 

committee on animal welfare. 

 

3.2 Kidney transplantation and model development 

   A well-established model of CAN was used throughout the experiments (44). Kidneys of 

Fisher rats were orthotopically transplanted into Lewis rats. Under ketamine (Ketamin, 100 

mg/kg intra-peritoneal injection; CP-Pharma, Burgdorf, Germany) and xylacine (Rompun, 10 

mg/kg, peripheral injection; Bayer, Leverkusen, Germany) anaesthesia the left donor kidney 

was removed, cooled and positioned orthotopically into the recipient. Donor and recipient 

renal artery, vein, and ureter were anastomosed end-to-end with 10-0 Prolene sutures. No 

ureteral stent was used. To overcome infectious complications due to operation rats received 

cephtriaxone (Rocephin, 20 mg/kg/day, intramuscular injection, Hoffmann-la Roche AG, 

Grenzach-Wyhlen, Germany) on the first postoperative day. Animals were treated with low-

dose Cyclosporine A (1.5 mg/kg/day, subcutaneous injection, Novartis GmbH, Nürnberg, 

Germany) during the first 10 days after transplantation to overcome an initial episode of acute 

rejection. The contralateral native kidney was removed on the 10th postoperative day.  

 

3.3 Groups and treatment 

The recipient animals received either everolimus (0.5mg/kg/day, Novartis S.A., Basel, 

Switzerland) dissolved in 5% glucose solution or vehicle (5% glucose solution) by daily 

gavage (9 animals per group). Animals were randomly assigned to the following groups after 
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transplantation: EVR 12-20 = everolimus treatment from week 12 to 20; EVR 12-28 = 

everolimus treatment from week 12 to 28; EVR 20-28 = everolimus treatment from week 20 

to 28; VEH 12-20 = vehicle treatment from week 12 to 20; VEH 12-28 = vehicle treatment 

from week 12 to 28.  Animals from group EVR 12-20 and VEH 12-20 were sacrificed at 

week 20, while those from group EVR12-28, EVR 20-28 and VEH 20-28 were sacrificed at 

week 28. 

 

3.4 Functional measurements 

   Every four weeks, 24-hour urine samples were collected using metabolic cages with a 

urine-cooling system. Quantitative urine protein was nephelometrically determined (28). 

Graft weight and body weight were measured at the end of the observation period.  

 

3.5 Histology 

    Paraformaldehyde-fixed and paraffin embedded tissue sections were stained with 

Hematoxylin and Eosin (H. E.) to evaluate tubulointerstitial fibrosis, vasculopathy and tubular 

atrophy. Periodic acid schiff (PAS) reaction was performed to evaluate glomerulosclerosis. 

CAN was graded according to parameters adapted from the Banff'´97 classification (38): 0 = 

no signs of CAN; grade 1 = mild CAN with mild fibrosis and tubular atrophy (affected 5-15% 

area of section), mild vasculopathy (intimal proliferation for luminal obstruction area affected 

1-25% of one vessel) ; grade 2 = moderate CAN with moderate fibrosis and tubular 

atrophy(affected 16-50% area of section), moderate vasculopathy (luminal obstruction area 

affected 25-50% of one vessel); grade 3 = severe CAN with severe fibrosis and tubular 

atrophy (affected >50% area of section), severe vasculopathy (luminal obstruction area 

affected >50% of one vessel). Glomerulosclerosis was evaluated by counting all glomeruli of 

the section and calculate the percentage of sclerotic glomeruli.  
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3.6 Immunohistochemistry  

3.6.1 Immunohistochemical staining for macrophage (ED1) and CD5+ T cell (OX19) by 

alkaline phosphatase anti-alkaline phosphatase (APAAP)  

Cellular infiltration was analyzed by immunohistochemistry studies. The procedure was 

performed on frozen sections (4µm) fixed in acetone. Sections were incubated with 

monoclonal mouse primary antibodies against ED1 and OX19 (Serotec, Oxford, United 

Kingdom) followed by incubation with a secondary rabbit anti-mouse antibody (Dako, 

Glostrup, Denmark) and development of the colour signal by an alkaline phosphatase anti-

alkaline phosphatase (APAAP) complex (Dako, Glostrup, Denmark). Counterstaining was 

proceeded with Mayer’s haemalaun (Merck, Darmstadt, Germany). ED1 and OX19 

immunoreactive cells with cytoplasm stained in red were counted at 400 x magnification and 

presented as cells per field of view (cells/fv). At least 20 fields of view were observed. 

Negative control was performed in the same procedure except that sections were incubated 

with PBS instead of the primary antibody. 

 

3.6.2 Immunohistochemical staining for proliferation cellular nuclear antigen (PCNA)          

by streptavidin-biotin conjugated peroxidase (ABC)  

     Proliferating cells were analyzed with ABC method. Graft tissue was fixed in 4% 

buffered formalin and embedded in paraffin. After sections (4µm) were dewaxed and 

hydrated, they were treated with 10mM citrate acid (Merck, Darmstadt, Germany) buffer 

(2.1g citrate acid monohydrate in 1000ml distilled water, pH 6.0), heated up in a high-

pressure cooker for 15 minutes, cooled down slowly to room temperature for 30 minutes, and 

then dipped into 3% H2O2 (Roth, Karlsruhe, Germany) in distilled water for 30 minutes 

followed by  blockade with the diluted ready- to- use normal horse serum (R.T.U. Vectastain 

Elite ABC-Peroxidase Universal Kit, Vector Laboratories, Burlingame, CA) for 20 minutes. 
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After incubation with  the monoclonal mouse anti-human proliferation cellular nuclear 

antigen (PCNA, clone PC10, DAKO, Glostrup, Denmark) (1:50 diluted) for 1 hour at room 

temperature, sections were incubated with the diluted biotinylated universal secondary 

antibody and then with the vectastain ABC reagent (R.T.U. Vectastain Elite ABC-Peroxidase 

Universal Kit, Vector Laboratories, Burlingame, CA) for 30 minutes respectively. Thereafter 

the Peroxidase substrate 3, 3’-diaminobenzidine (DAB) (Vector Laboratories, Burlingame, 

CA) was applied to develop the positive colour and counterstained with Mayer’s haemalaun 

(Merck, Darmstadt, Germany) was finally performed. Positive cells which nuclei stained in 

brown were counted and presented as cells per field of view (cells/fv). At least 20 fields of 

view per section or per specimen were evaluated at 400 x magnification. Negative control was 

performed in the same procedure except that sections were incubated with phosphate buffered 

saline (PBS, pH7.4) instead of the primary antibody. 

 

3.7 Terminal deoxynucleotidyl transferase -mediated dUTP nick end labelling assay          

(TUNEL) 

TUNEL was performed on frozen sections (4µm) fixed in 4% paraformaldehyde as 

described elsewhere (9). Briefly, sections were incubated with 0.1% Triton X-100 (Sigma, 

Munich, Germany) and 0.1% sodium citrate in phosphate buffered saline (PBS, pH7.4) at 4 

°C for 2 minutes, washed in PBS and incubated with TUNEL mix solution containing 

terminal deoxynucleotidyl transferase (Boehringer Mannheim, Germany) and dUTP 

digoxigenin-labelled (Boehringer Mannheim, Germany) at 37°C for 90 minutes. Sections 

were then washed with stop/wash buffer (30mM Sodium citrate, 300mM sodium chloride in 

distilled water). After that they were incubated with the rabbit anti-digoxigenin antibody 

(Boehringer Mannheim, Germany) at 37°C for another 90 minutes. Antibody binding was 

visualized using Fast Red chromogen solution (DAKO, Glostrup, Denmark). Positive controls 
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were treated with DNase I (Boehringer Mannheim, Germany) and performed as described 

above. Negative controls were incubated with PBS instead of TUNEL mix solution. Sections 

were counterstained with Mayer’s haemlaun (Merck, Darmstadt, Germany). All positive 

tubular epithelial cells which nuclei stained in red were counted at a 400x magnification and 

noted as cells per field of view (cells/fv). 

 

3.8 Reverse transcription polymerase chain reaction (RT-PCR) 

Total cellular RNA was isolated and transcribed into cDNA by reverse transcription as 

previously described (44). Specific cDNA products corresponding to the mRNA of TGF-β, 

PDGF-A and –B chain, and β-actin were amplified by polymerase chain reaction using their 

respective primers (PDGF-A sense: CACGGATCCAAGTATTGAGGAAGCCA; PDGF-B 

sense: GAAGCCAGTCTTCAAGAAGGCCAC; TGF-β sense: 

GGACTACTACGCCAAAGAAG; β-actin sense: CTATCGGCAATGAGCGGTTC). After 

gel electrophoresis, bands were stained with ethidium bromide and visualized by UV 

transillumination. For semiquantitative analysis, gels were digitized for computerized 

densitometry of specific bands. Data were expressed as ratio between the density of the 

specific product and that of the housekeeping gene (β-actin). 

 

3.9 RNase protection assay (RPA) 

      Total RNA was extracted using Trizol reagent (Gibco, Karlsruhe, Germany) as 

described previously (40). Briefly, tissues were homogenized in 1ml Trizol, and then added 

0.2ml chloroform (Merck, Darmstadt, Germany). After centrifugation for 15 minutes at 

12,000 x g at 4°C, the upper aqueous phase was transferred into a new labelled tube and 

incubated with 0.5ml isopropyl alcohol (Merck, Darmstadt, Germany) for 10 minutes at room 

temperature. Then the samples were centrifuged again at 12,000 x g at 4°C for 10 minutes. 
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The supernatant was removed and pellets were mixed with 1ml 75% ethanol (Merck, 

Darmstadt, Germany). After centrifugation again at 7,500 x g for 5 minutes at room 

temperature, supernatant was carefully removed thoroughly and pellets were air dried for 18 

minutes. Then pellets were dissolved in 10µl RNase free water and stored at -80°C for further 

detection. The quantification of the extracted RNA was preceded by the biophotometer 

(Eppendorf, Hamburg, Germany).  

Intragraft mRNA expression of fasL, bcl-2, bax, caspase-1, caspase-3 and GAPDH 

(RiboQuant Multi-Probe template set, Pharmingen, Becton Dickinson GmbH, Hamburg, 

Germany) was determined by RNase protection assay using the In vitro Transcription Kit and 

RPA Kit (Pharmingen, Hamburg, Germany) as described previously (40). Briefly, 32P-labeled 

antisense riboprobes were synthesized with the use of T7 RNA polymerase transcription in 

the presence of [α32P]UTP. Radiolabelled antisense riboprobes were then hybridized with 10 

µg of total RNA extracted from allograft at 56°C overnight. After hybridization, RNase A + 

T1 were added to digest unhybridized RNA and duplex RNA hybrids were separated by 

electrophoresis on a 5% polyacrylamide gel. Intensity of the protected bands was quantified 

by a phosphor imaging analyzer (Fuji-BAS 1500, Düsseldorf, Germany) and the ratios of the 

investigated mRNA to GAPDH (internal control) were calculated.   

 

3.10 Statistical analysis 

Data were expressed as mean ± standard error of mean (SEM), and compared using 

ANOVA, chi-square and Kruskal-Wallis test. Statistical significance was accepted at p < 

0.05. 
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4. Results 

4.1 Everolimus treatment improved proteinuria and decreased the progression of CAN 

4.1.1 24-hour proteinuria 

Treatment with everolimus initiated at week 12 (EVR 12-20; EVR 12-28), when changes 

of CAN became detectable in this model, resulted in a significantly decreased proteinuria as 

compared to controls at weeks 20 and 28 (VEH 12-20; VEH 12-28) (p < 0.05) (Table 1, 

Figure 2 and 3).  

Surprisingly, everolimus reduced proteinuria even in animals with delayed treatment 

(from week 20), a time of histomorphologically apparent changes, although proteinuria was 

similar to controls before treatment was initiated (EVR 20-28 vs. VEH 12-28,  p = 0.03) 

(Table 1, Figure 3). All animals survived the observation period. 
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Figure 2. 24-hour urinary protein excretion of animals treated with everolimus from week 12

( ) and vehicle from week 12 to week 20 (VEH 12-20) (■) after transplantation. * De

compared to the control group. 
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Figure 3. 24-hour urinary protein excretion of animals treated with everolimus from week 12 to week 28 (EVR 

12-28) ( ), everolimus from week 20 to week 28 (EVR 20-28) (▲) and vehicle from week 12 to week 28 (VEH 

12-28) (■) after transplantation. * Denoted p<0.05 while compared to the control groups. 

 

4.1.2 Grade of CAN, glomerulosclerosis, and inflammatory infiltrates 

4.1.2.1 Everolimus treatment decreased the progression of CAN 

Glomerulosclerosis in everolimus treated animals was lower as compared to controls 

(EVR 12-20 vs. VEH 12-20, p = 0.03; EVR 12-28 vs. VEH 12-28, p = 0.05) (Figure 4). The 

grade of CAN was significantly ameliorated in everolimus treated animals as compared to 

controls (EVR 12-20 vs. VEH 12-20, p = 0.032; EVR 12-28 vs. VEH 12-28, p = 0.001) 

(Table1, Figure 5). Vasculopathy was basically absent in everolimus treated animals while 

controls had mild vasculopathy (Figure 5). However, even animals treated with vehicle up to 

week 28 developed only mild, in some cases moderate signs of vasculopathy in our model.  

Infiltration of graft tissue by T-cells (OX19 positive) and macrophages (ED1 positive) 

tended to be lower in everolimus treated animals at 20 weeks than in controls (EVR 12-20 vs. 

VEH 12-20, p = 0.07) while treatment with everolimus from week 12 to 28 reduced T-cell 

and macrophage infiltration significantly (EVR 12-28 vs. VEH 12-28, p < 0.05) (Table 1). 
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4.1.2.2 Delayed treatment with everolimus also decreased grade of CAN 

The grade of CAN was significantly lower in animals with delayed everolimus treatment 

as compared to controls (EVR 20-28 vs. VEH 12-28, p = 0.025) (Table 1, Figure 5). 

In animals with delayed everolimus treatment glomerulosclerosis tended to reduce as 

compared to controls (EVR 20-28 vs. VEH 12-28, p = 0.17) (Figure 4), T-cell and 

macrophage infiltration and vasculopathy were lower and at the level of controls after 20 

weeks (VEH 12-20) (Table 1, Figure 5). 
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Figure 5. Histology of kidney grafts, PAS reaction, X 100. (A) Normal tubuli, glomeruli, and a regular artery 

(→) in animals treated with everolimus from week 12 to 20 (EVR 12-20); (B) Glomerulosclerosis, inflammatory 

infiltrates and discrete intimal hyperplasia (→) after 20 weeks in controls (VEH 12-20) ; (C) Normal glomeruli, 

mild tubular dilation/atrophy and normal artery after 28 weeks in animals treated with everolimus from week 12 

to 28 (EVR 12-28) ; (D) Normal tubuli, mild tubular dilation / atrophy, normal glomeruli, and normal artery in 

animals treated with everolimus from week 20 to 28 (EVR 20-28); (E) Glomerulosclerosis, tubular atrophy, 

interstitial fibrosis, and vasculopathy after 28 weeks in controls (VEH 12-28). 

 

4.2 Everolimus increased the number of apoptotic cells 

The number of apoptotic cells was significantly higher in treated animals (EVR 12-20; 

EVR 12-28; EVR 20-28) as compared to controls (VEH 12-20; VEH 12-28) with the highest 
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number of almost exclusively tubular epithelial cells in animals with delayed everolimus 

treatment (EVR 20-28) (p < 0.05) (Table 1, Figure 6). 

 The number of proliferating cells did not significantly differ between the groups 

although animals treated with everolimus from week 12 to 28 tended towards higher numbers 

(Table 1, Figure 7). 

                A                                                                         B           

                   

              

 

 

 

                 C                                                                        D 

 

 

 

 

 

                 E

 

 

 

  

Figure 6. Apoptotic cells in allografts, TUNEL staining, X 400 (A) Marked increase of apoptosis cells in animals 

treated from week 20 to 28 (EVR 20-28); (B) Moderate increase of apoptotic cells in animals treated from week 

12 to 28 (EVR 12-28); (C) Mild increase of apoptotic cells in animals treated from week 12 to 20 (EVR 12-20); 

(D) Apoptotic cells in control (VEH 12-28); (E) Apoptotic cells in control (VEH 12-20).          
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Figure 7. Cellular proliferation in allografts, PCNA immunohistochemistry staining, X 400. In comparison to 

controls (VEH 12-28) (A), everolimus treatment from week 12 to 28 (EVR 12-28) increased tubular proliferation 

(not significant) (B). 

 

4.3 mRNA levels of apoptosis regulating factors 

4.3.1 Ratio of bcl-2 / bax mRNA expression 

The balance between bcl-2 mRNA and bax mRNA was shifted towards bax mRNA in 

animals with a treatment from week 20 to 28 (EVR 20-28) as compared to animals treated 

from week 12 to 28 (EVR 12-28) (Figure 8). The highest bcl-2/bax mRNA ratio was present 

in animals treated from week 12 to 20 (EVR 12-20) among the treated groups. Thus, pro-

apoptotic Bax is favored in animals with delayed treatment. This was paralleled by the higher 

number of apoptotic cells in the group with delayed treatment (EVR 20-28). Controls had a 

balance favoring bcl-2 mRNA as compared to everolimus treated animals (VEH 12-28 vs. 

EVR 20-28, p < 0.05) ( Figure 8). 
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4.3.3 fasL mRNA expression 

FasL mRNA levels were significantly higher in animals with delayed treatment (EVR 

20-28) as compared to controls (EVR 20-28 vs. VEH 12-28, p < 0.05) ( Figure 11). 
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4.4 Growth factor mRNA 

After 20 weeks TGF-β mRNA and PDGF-

animals (EVR 12-20) than in controls (VEH
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PDGF-A chain mRNA levels were also higher in animals treated with everolimus until 

week 28 (EVR 12-28) than up to week 20 (EVR 12-20) and were similar to controls at 28 

weeks (VEH 12-28) (Figure13). 

PDGF-B chain mRNA levels were similar in animals treated with everolimus from 

week 12 (EVR 12-20 and EVR 12-28) and controls (VEH 12-20; VEH 12-28) although they 

tended to be higher in animals with delayed everolimus treatment (EVR 20-28) (Figure 14). 

TGF-β as well as PDGF-A and -B chain mRNA levels were highest in animals with 

delayed everolimus treatment (EVR 20-28) as compared to controls (VEH 12-28); this 

difference reached statistical  significance for PDGF-A chain mRNA (p < 0.05) (Figures 12-

14). 
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4.5 Other parameters 

Graft weight / body weight ratio did not significantly differ between treated animals and 

controls (Table 1). Serum triglycerides were similar between experimental groups, serum 

cholesterol was significantly higher in treated animals (EVR 12-20, EVR 12-28, and EVR 20-

28) as compared to controls (VEH 12-20 and VEH 12-28) (p < 0.05) (Table 1). 
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 EVR 12-20 EVR 12-28 EVR 20-28 VEH 12-20 VEH 12-28 
      

24-hour proteinuria (mg/day) 10.1 ± 0.8 * 20.8 ± 3.4 * 17.8 ± 2.6 * 22.6 ± 2.4 37.8 ± 6.0 

Graft weight/body weight 0.0036 ± 0.0002 0.0038 ± 0.0002 0.0037 ± 0.0005 0.004 ± 0.0003 0.004 ± 0.0004 

Lipids 

Triglycerides (mg/dl) 

Cholesterol (mg/dl) 

 

56.6 ± 2.9 

119.1 ± 7.6 * 

 

66.9 ± 3.7 

134.0 ± 4.4 * 

 

66.3 ± 5.9 

123.4 ± 4.1 * 

 

58.8 ± 9.2 

84.0 ± 3.8 

 

65.4 ± 9.3 

100.6 ± 3.9 

Histology 

Grade of chronic allograft nephropathy 

(CAN) (n = number of cases): 

No (CAN) (n) 

Mild CAN (grade I) (n) 

Moderate CAN (grade II) (n) 

Severe CAN (grade III) (n) 

 
Apoptotic cells (cells/ field of view) 

Proliferating cells (cells/view field) 

 

 

 

5 

2 

2 

0 

 
20.1 ± 2.01 * 

4.09 ± 1.12 

 

 

 

7 

2 

0 

0 

 
20.7 ± 0.98 * 

9.65 ± 2.03 

 

 

 

0 

5 

4 

0 

 
24.8 ± 1.79 * 

4.8 ± 0.61 

 

 

 

14

6.

 

 

 

     Cellular infiltration of the graft 

Macrophages (ED-1) (cells/field of view) 

Lymphocytes (OX-19) (cells/field of view) 

 

11.0 ± 1.25 

9.9 ± 1.99 

 

13.6 ± 1.5 * 

12.5 ± 1.2 * 

 

20.4 ± 2.0 

21.7 ± 2.4 

15

16

p = 0.025 
p = 0.001

p = 0.032

Table 1. Functional, histological, and immunohistological data. 24-hour protein excretion (at weeks 20 or 28 after tra

end of the observation period), graft/body weight ratio, lipid serum concentrations, immunocytochemistry, and histo
0 0 
0 0 
      

3 

2 

 
.8 ± 2.51 

98 ± 1.07 

6 

2 

 
11.5 ± 2.37 

4.93 ± 0.99 

 

.2 ± 1.97 

.2 ± 2.13 

 

23.9 ± 3.4 

24.5 ± 5.4 

nsplantation as defined by the

logy data of the experimental
28

groups at the end of the experiment. Data were given as mean ± SEM; * = EVR groups vs. VEH groups p < 0.05. 



5. Discussion 

5.1 Everolimus ameliorated CAN 

Everolimus reduced the pace of CAN in the present study. These observations are in 

accordance with previous findings in models of aortic- or kidney transplantation (16) as well 

as in experiments of alloantigen independent vascular remodeling (17). However, all previous 

experiments focused on prevention rather than treatment. 

Here we demonstrated for the first time that it is possible to reduce the pace of CAN even 

at an advanced stage. Animals that received early treatment with everolimus from week 12 

after transplantation onwards developed a significantly lower proteinuria and a lesser degree 

of CAN in combination with significantly reduced glomerulosclerosis. After 28 weeks, 

inflammatory infiltrates were significantly lower in everolimus treated animals. Moreover, in 

animals with delayed everolimus treatment (from week 20 to 28), proteinuria significantly 

declined from values similar to controls to values comparable to those of the early treatment 

groups. These findings were paralleled by a significantly lower grade of CAN, lower 

glomerulosclerosis, and a trend towards lower inflammatory infiltrates. 

These results, even present in the delayed treatment group after 28 weeks, a time when 

CAN was manifest and ongoing as documented by control animals, suggest that the 

morphological changes of CAN as well as the functional alterations observed after 20 weeks, 

at least in this experimental setting, can be maintained at a constant level and may even be 

partially reversible. 

 

5.2 Everolimus and apoptosis in CAN 

Everolimus might induce apoptosis of activated tubular cells. Activation of a cell is the 

result of stimuli (i.e. inflammation) that induce the expression of receptors regulating 

inflammation and the secretion of inflammatory mediators. Graft function could be prolonged 

as apoptosis of activated cells results in the elimination of cells that would otherwise 
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perpetuate chronic inflammatory processes, a feature of CAN. For rapamycin, such effects 

have been reported for rheumatoid synovial cells in which it decreased Bcl-2 and induced 

apoptosis (33). Furthermore, everolimus induced apoptosis in rhabdomyosarcoma cells (21) 

and enhanced apoptosis in a promyelocytic leukemia cell line in response to cisplatin (43). 

Indeed, the number of apoptotic cells was elevated in everolimus treated animals, 

especially in those with delayed treatment. The ratio between bcl-2 mRNA, coding for the 

apoptosis-inhibiting Bcl-2, and bax mRNA, coding for the apoptosis-promoting Bax, was 

shifted towards apoptosis, particularly in animals with delayed treatment (EVR 20-28). 

Furthermore, the elevated levels of fasL- and caspase-3 mRNA correlated to the higher 

number of apoptotic tubular cells in animals with delayed everolimus treatment as well. The 

comparatively lower caspase 3 and bax mRNA levels in combination with the elevated bcl-2 

mRNA levels in animals treated with everolimus from week 12 may result from a smaller 

number of activated cells and, thus, a reduced number of apoptotic cells. Altogether, the 

increased number of apoptotic cells and the shift towards pro-apoptotic factors in treated 

animals, particularly in those with delayed treatment may be caused by the higher number of 

activated cells that are prone to apoptosis. 

In our experiments, predominantly tubular epithelial cells underwent apoptosis. These 

cells can produce collagens type I and III (27) and, thus, are important in the pathogenesis of 

interstitial fibrosis as well as the regulation of inflammatory processes. 

The hypothesis was that everolimus could induce apoptosis of activated tubular cells, and 

eliminate these, in terms of the inflammatory response, dangerous cells from the graft. 

Tubular cells could then regenerate from the neighboring cells along the intact basal 

membrane. These findings of an apoptosis promoting effect of everolimus on tubular cells are 

paralleled by a recent report in a rat model of ischemia/reperfusion injury (10). Here, 

rapamycin impaired the recovery of renal function after ischemia/reperfusion due to an 

increased loss of tubular cells via apoptosis. As opposed to these results, apoptosis promoting 
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effect was analyzed at a time point shortly after the insult. The apoptosis promoting effects of 

rapamycin could result in tissue damage and deterioration of organ function during the acute 

phase after an insult, while it may resolve inflammation and remodeling during the late phase. 

This would also explain the increased rate of delayed graft function in kidney graft recipients 

treated with rapamycin shortly after transplantation (13). The deleterious effect of apoptosis 

during the acute phase after an insult is supported by the observation that inhibition of 

apoptosis reduced inflammation in a renal ischemia/reperfusion model (11). The effects of 

apoptosis are therefore likely to depend on the time point and the circumstances of its 

occurrence (11). 

Interestingly, an increased number of apoptotic cells has been observed during chronic 

kidney (26) and heart rejection (24, 14, 51). This could be related to inflammatory processes 

in the graft as has been observed during renal ischemia/reperfusion (11). In this model 

everolimus could drive cells which are activated and, thus, perpetuate inflammation, into 

apoptosis. This would explain the increasing number of apoptotic cells from early to delayed 

treatment. Under those circumstances apoptosis would ameliorate chronic rejection and 

inflammation by the elimination of activated cells. 

Caspase-1 is known to form the pro-inflammatory cytokines IL-1β and interlukin-18 (IL-

18). In our experiments caspase-1 mRNA levels were significantly increased in animals with 

delayed everolimus treatment (EVR 20-28) as compared to levels of the other groups. Thus, 

the increased caspase-1 levels paralleled the number of apoptotic cells. Inhibition of caspase-1 

has reduced inflammation and improved outcome in a model of cerebral ischemia/reperfusion 

(39). A broad spectrum caspase inhibitor also reduced inflammation in a model of renal 

ischemia/reperfusion (11), while absence of caspase-1 (knock out model) did not prevent 

ischemia/reperfusion injury (12). Thus, the role of caspase-1 in mediating inflammatory 

responses in the kidney may depend on time and type of injury. 
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The number of proliferating tubular epithelial cells did not significantly differ between 

everolimus treated animals and controls. A decreased number of proliferating cells has been 

observed in a rat model of acute renal failure after a short treatment with rapamycin (27). 

Whether everolimus or rapamycin have different effects on proliferation depending on the 

time point and the type of the insult remains to be investigated. 

 

5.3 Everolimus and growth factor mRNA 

TGF-β and PDGF, whose dimeric homo- or heteromer consists of an A- and/or a B-chain, 

play an important role in fibrogenesis during CAN. Growth factor mRNA levels increased 

from week 20 to week 28 in grafts of everolimus treated animals while they were significantly 

reduced (TGF-β and PDGF-A) in everolimus treated animals as compared to controls after 20 

weeks. It was previously reported that everolimus reduced growth factor mRNA levels after 

transplantation in the Fisher to Lewis model (47). Those results do not directly reflect the 

current results as everolimus was administered in the earlier experiments over the entire 

observation period. Moreover, the observation period of 24 weeks in the former experiments 

might have been too short to detect an increase which now occurred after 28 weeks. Another 

group reported a reduction of growth factor mRNA by rapamycin only at very high doses (6 

mg/kg/day) (17), doses much higher than those used in our experiments (0.5 mg/kg/d). The 

increased TGF-β- and PDGF mRNA levels in the everolimus treated animals may result from 

an inhibition of the intracellular signal transduction of growth factor receptors leading to a 

stimulation of the synthesis of growth factors. 

 

5.4 Other functional parameters 

Elevated cholesterol and triglyceride levels have been observed during the administration 

of rapamycin (5). In the present study, we observed elevated cholesterol levels as compared to 
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non-treated controls while triglyceride levels were similar. In our setting, everolimus did not 

affect hematocrit, creatinine clearance, or graft weight/body weight ratio.  

 

5.5 Conclusion 

In summary, our results suggested that everolimus could have the capacity to ameliorate 

CAN even at advanced stages. This could be explained by an induction of apoptosis in 

activated cells and, thus, the amelioration of intra-graft inflammation and remodeling. We 

conclude that everolimus is a promising tool for the prolongation of renal allograft survival. 
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6. Summary 

Background: Chronic allograft nephropathy (CAN) is responsible for most cases of late 

kidney allograft loss. However, no effective treatment is available so far. Everolimus [40-O 

(2-hydroxyethyl) rapamycin] is a new immunosuppressive agent with anti-proliferative and 

apoptosis-enhancing effects. The present study investigated whether everolimus can 

ameliorate CAN even at advanced stages; whether everolimus treatment affects the level of 

growth factor mRNA, and/or the number of apoptotic cells in the graft. 

Methods: Kidneys were transplanted from Fisher into Lewis rats and treated recipients with 

everolimus over different time periods. Grafts were analyzed 20 or 28 weeks after 

transplantation. 

Results: Everolimus delayed the progression of CAN when started at an early stage. 

Surprisingly, everolimus even ameliorated CAN when initiated at an advanced stage. 

Interestingly, apoptosis was more prevalent in treated animals, particularly in those with 

delayed treatment as compared to controls. 

Conclusions: In summary, everolimus ameliorates CAN as a result of anti-proliferative 

and/or apoptosis enhancing effects. 
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