
 

Department of Nephrology 

Hannover Medical School 

 

 

 

 

Hypoxia induced renal fibrosis is mediated 

by PKC-α/β signaling 
 

 

 

 

 

Thesis for the Degree of Medical Doctor 

Hannover Medical School 

 

 

 

 

 

Submitted by Xia Lu 

From Yichang, P.R.China 

 

Hannover 2010 



 

 

 

Angenommen vom Senat der Medizinischen Hochschule Hannover  

am 13.01.2011 

 

Gedruckt mit der Genehmigung der Medizinischen Hochshule Hannover 

 

Präsident: Prof. Dr. med. Dieter Bitter-Suermann 

 

Betreuer/ Betreuerin der Arbeit: Prof. Dr. med. Faikah Güler 

 Prof. Dr. med. Hermann Haller 

  

 

 

Referent/ Referentin: Prof. Dr. med. Gregor Theilmeier 

Korreferent(en)/ Korreferentin(nen): Prof. Dr. med. Lars Pape 

  

  

 

Tag der mündlichen Prüfung: 13.01.2011 

 

Prüfungsausschussmitglieder: Prof. Dr. med. Michael Peter Manns 

 Prof. Dr. med. Arnold Ganser 

 Herr Prof. Dr. med. Anibh Das 

 

 

 

 

 

 



Contents 

I 

TABLE OF CONTENTS 

1. Introduction ················································································· 1 

 1.1 Acute kidney injury ·································································· 1 

 1.2 Renal ischemia reperfusion injury ················································· 3 

 1.3 Renal fibrosis·········································································· 4 

 1.4 Protein kinase C ······································································ 7 

 1.5 Aims ···················································································· 9 

2. Materials and Methods ·································································· 10 

 2.1 Materials ·············································································· 10 

 2.1.1 Equipments for animal surgeries ········································· 10 

 2.1.2 Surgical instruments and sutures ········································· 10 

 2.1.3 Anesthetics ·································································· 10 

 2.1.4 Other materials for surgeries ·············································· 11 

 2.1.5 Animals ······································································ 11 

 2.1.6 Chemicals and kits ························································· 11 

 2.1.7 Antibodies for immunohistochemistry and Western blot ············· 12 

 2.1.8 Primers for Real-Time PCR ··············································· 13 

 2.2 Methods ··············································································· 14 

 2.2.1 Study groups ································································ 14 

 2.2.2 Surgery for ischemia reperfusion injury ································ 14 

 2.2.3 Measure GFR by inulin clearance and RBF by PAH 

clearance ····································································· 15 

 2.2.3.1 Blood and urine sample collection ··························· 15 

 2.2.3.2 Measurement of inulin clearance ····························· 15 

 2.2.3.3 Measurement of PAH clearance ······························ 17 

 2.2.4 Organ preservation ························································· 19 

 2.2.5 Histology ···································································· 19 



Contents 

II 

 2.2.5.1 Tissue embedding ··············································· 19 

 2.2.5.2 Periodic acid Schiff staining ··································· 20 

 2.2.5.3 Sirius red staining ··············································· 21 

 2.2.6 Immunohistochemistry ···················································· 23 

 2.2.7 Western blot ································································· 25 

 2.2.8 Real-time PCR ······························································ 30 

 2.2.9 Cytokine detection ························································· 35 

 2.2.10 Cell culture ·································································· 36 

 2.2.11 Statistics ····································································· 36 

3. Results ······················································································· 37 

 3.1 Results of PKC-α/β inhibitor treatment ·········································· 37 

 3.1.1 PKC-α/β inhibitor treatment ameliorates renal function and 

renal blood flow after IRI ················································· 38 

3.1.2 PKC-α/β inhibitor pre-treatment preserves renal peritubular 

capillaries after IRI ························································· 40 

3.1.3 PKC-α/β inhibitor pre-treatment prevents acute tubular 

necrosis after IRI ··························································· 42 

3.1.4 PKC-α/β inhibitor pre-treatment reduces renal fibrosis after 

IRI ············································································ 45 

3.1.4.1 PKC-α/β inhibitor pre-treatment inhibits 

up-regulation of CTGF after IRI ······························ 45 

3.1.4.2 PKC-α/β inhibitor pre-treatment ameliorates 

up-regulation of collagen IV after IRI ······················· 47 

3.1.4.3 PKC-α/β inhibitor pre-treatment ameliorates 

up-regulation of collagen I and III after IRI ················· 49 

3.1.4.4 PKC-α/β inhibitor pre-treatment ameliorates 

up-regulation of fibronectin after IRI ························ 51 

3.1.4.5 PKC-α/β inhibitor pre-treatment ameliorates 

up-regulation of α-SMA after IRI····························· 53 

3.1.4.6 PKC-α/β inhibitor pre-treatment reduces 



Contents 

III 

up-regulation of PAI-1 mRNA expression after IRI ······· 55 

3.1.4.7 PKC-α/β inhibitor pre-treatment reduces α-SMA 

expression after stimulation by TGF-β in vitro ············· 56 

3.1.5 PKC-α/β inhibitor pre-treatment reduces inflammation after 

IRI ············································································ 58 

3.1.5.1 PKC-α/β inhibitor pre-treatment reduces F4/80 

positive monocyte/macrophage infiltration after 

IRI ································································· 58 

3.1.5.2 PKC-α/β inhibitor pre-treatment reduces CD4 

positive T-lymphocyte infiltration after IRI ················· 60 

3.1.5.3 PKC-α/β inhibitor pre-treatment does not regulate 

mRNA of MCP-1 and ICAM-1 at d 1 after IRI ············ 62 

3.1.5.4 PKC-α/β inhibitor pre-treatment reduces protein 

level of KC, MCP-1 and IL-6 in the serum at 4 h 

after IRI ··························································· 63 

 3.2 Effects of PKC-α and PKC-β deficiency on hypoxia induced tissue 

damage after IRI ····································································· 65 

 3.2.1 PKC-β deficiency reduces renal damage after IRI ···················· 65 

3.2.2 PKC-β deficiency reduces collagen I and III expression after 

IRI ············································································ 67 

3.2.3 PKC-α and PKC-β deficiency reduce fibronectin expression 

after IRI ······································································ 69 

3.2.4 PKC-α deficiency reduces CD4 expression after IRI ················· 71 

 3.3 Results of difference between C57BL/6 and 129/Sv mice ···················· 73 

3.3.1 Renal function and renal blood flow were different between 

C57BL/6 and 129/Sv mice ················································ 73 

3.3.2 129/Sv mice had less acute tubular necrosis than C57BL/6 

mice after IRI ······························································· 75 

3.3.3 Collagen I and III expression was less in 129/Sv compared 

to C57BL/6 mice ··························································· 77 



Contents 

IV 

3.3.4 Monocyte/macrophage infiltration was less in 129/Sv 

compared to C57BL/6 mice ··············································· 79 

3.3.5 CD4 expression was less in 129/Sv compared to C57BL/6 

mice ·········································································· 81 

4. Discussion ···················································································· 82 

 4.1 Function of PKC-α/β inhibitor and PKC-α/β deficiency ······················ 82 

4.1.1 PKC-α/β inhibitor attenuates GFR and RBF by reducing 

peritubular capillary loss ·················································· 82 

4.1.2 PKC-α/β inhibitor pre-treatment reduces tubular damage and 

inflammation after IRI ····················································· 84 

4.1.3 PKC-α/β signaling mediates TGF-β induced fibrosis ················· 87 

 4.2 Difference between C57BL/6 and 129/Sv mice ································ 88 

5. Summary ··················································································· 90 

6. References ·················································································· 92 

7. Abbreviations ·············································································· 98 

8. Acknowledgements ····································································· 101 

9. Curriculum vitae ········································································ 103 

10. Publications ·············································································· 104 

11. Erklärung ················································································· 106 

 

 

 

 

 

 

 

 

 



Introduction 

1 

1. Introduction 

1.1 Acute kidney injury (AKI) 

Acute kidney injury, previously called acute renal failure (ARF), is a common clinical 

syndrome characterized by a rapid (over hours to weeks) decline in glomerular 

filtration rate (GFR), perturbation of extracellular fluid volume, electrolyte and 

acid-base homeostasis, and accumulation of nitrogenous waste products from protein 

catabolism, such as blood urea nitrogen (BUN) and creatinine. 

 

ARF presents in approximately 5% of hospital admissions and up to 30% of 

admissions to intensive care units.  ARF is usually asymptomatic and diagnosed 

when routine biochemical screening of hospitalized patients reveals a sudden increase 

in BUN and serum creatinine levels.  Oliguria (urine output < 400 ml/day) is a 

frequent (approximately 50%) but not invariable clinical feature.  The kidney is 

remarkable among organs of the body in its ability to recover from almost complete 

loss of function, and most ARF is reversible.  Nevertheless, ARF is associated with 

major in-hospital morbidity and mortality reflecting the serious and frequently lethal 

nature of the underlying illnesses and the high frequency of complications. 

 

Depending on the origin of the insult, ARF can be classified as prerenal, intrarenal 

and postrenal.  Taken together, prerenal and intrarenal forms account for 

approximately 75% of the cases of ARF[1].   
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Parmet and Lynm 2002 

 

The most common symptom for ARF is decreased urine output, which occurs in 70% 

of patients.  ARF is most easily diagnosed by an increase in blood levels of 

creatinine and BUN.  The blood level of creatinine which is produced by muscle 

activity typically varies by 0.5 mg/dl each day but this depends on the amount of 

muscle mass of the patient.  Old patients with reduced muscle mass can develop 

ARF with relatively small elevation in serum creatinine.  There are several methods 

of renal replacement therapy (RRT) for patients with ARF: intermittent hemodialysis, 

continuous hemodialysis (used in critically ill patients), and peritoneal dialysis.  

Before the development of RRT, many people with ARF died from severe electrolyte 

imbalance (hyperkalemia, acidosis) or from the uremic toxins themselves.  Despite 

RRT, ARF in septic patients still correlates with high mortality rates [2].  
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1.2 Renal ischemia reperfusion injury 

Renal ischemia reperfusion injury (IRI) is a major cause of ARF after major surgery 

or renal transplantation.  The outer stripe of the outer medulla (OSOM) is most 

sensitive for hypoxia because there is an O2 gradient in the kidney with reduced O2 

tension in the OSOM.  

 

In renal ischemia, cells lose their oxygen supplies which results in decreased 

generation of adenosine triphosphate (ATP).  In ischemic tissues, several overlapping 

pro-inflammatory pathways (such as Toll-like receptor-mediated pathways, 

complement cascade, cytokines and reactive oxygen species) play significant roles in 

triggering the post-ischemic inflammatory response by activating the nuclear factor 

(NF)-θB system.  After activation of NF-θB, chemokines are up-regulated, leading 

to a rapid increase in their local concentration followed by leukocyte infiltration and 

an inflammatory response [3].  In this ischemic condition, tubular epithelial cells and 

leukocytes can produce pro-inflammatory cytokines such as TNF-α, IL-1, IL-6 and 
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IL-8 and activate chemokines.  MCP-1 is a potent chemoattractant for monocytes, T 

cells and NK cells.  Glutamic acid-leucine-arginine-positive (ELR-positive) CXC 

chemokine such as KC and IL-8 can induce neutrophil migration. 

 

IRI leads acute tubular necrosis (ATN) and apoptosis.  ATN is characterized by 

tubular epithelial cells detachment, loss of the brush border, basement membrane 

denudation, tubular dilatation and inflammatory cell infiltration.  The endothelial 

cells lose their anti-adhesive properties and develop a thrombogenic and adhesive 

surface.  During reperfusion, the ischemia-primed endothelial cells are prone to 

leukocyte and platelet adhesion, thereby increasing endothelial cell permeability and 

cell activation [4].  The adherent leukocytes release reactive oxygen species (ROS) 

and a variety of cytokines, this enhance the inflammatory reaction.  Subsequently, 

the leukocytes transmigrate and enter the subendothelial space.  The acute 

inflammatory response then leads to organ dysfunction and long-term fibrotic changes 

through TGF-β signaling [5].  

 

1.3 Renal fibrosis 

There are two distinct phases in the repair process, the first is regeneration, in which 

injured cells are replaced by cells of the same type; this indicates the damage is slight.  

The next is fibrosis, in which connective tissues replaces normal parenchymal tissue; 

this indicates the damage is severe and synthesis of new collagen by myofibroblasts 

exceeds the rate at which it is degraded [6].  

 

After transient unilateral ischemia reperfusion, tubular epithelial cells and vascular 

endothelial cells are damaged.  These damaged cells release inflammatory mediators 

to promote vasodilation which increases blood vessel permeability, and they produce 

matrix metalloproteinases (MMPs) which disrupt the basement membrane.  They 

also release cytokines and chemokines which attract neutrophils and macrophages to 
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the damaged area.  Macrophages and lymphocytes are activated and begin secreting 

pro-fibrotic cytokines such as TGF-β and CTGF, which further activate the fibroblasts 

to transform into myofibroblasts.  Myofibroblasts produce collage I, III, IV, 

fibronectin and α-SMA for remodeling ECM [7].  

 

TGF-β signaling is involved in proliferation, cellular differentiation, and other 

functions in a broad variety of cells.  There are three isoforms: TGF-β1, TGF-β2 and 

TGF-β3.  Tissue fibrosis is primarily attributed to the TGF-β1 isoform.  TGF-β1 is 

stored inside the cell in an inactive form bound to the latency-associated protein 

(LAP).  TGF-β1 is activated by dissociation from LAP, this process is catalyzed by 

cathepsins, plasmin, calpain, thrombospondin, integrin-αvβ6 and MMPs.  TGF-β1 

signals through the TGF-β receptors (TGFR1, TGFR2 and TGFR3) that trigger 

Smad activation resulting in downstream target gene activation such as collagen IV, 

fibronectin, α-SMA, TIMPs and PAI-1 [6]. 

 

CTGF is a cysteine-rich, matrix-associated, heparin-binding protein.  CTGF has 

been implicated in extracellular matrix remodeling in wound healing and other 

fibrotic processes.  CTGF induction by TGF-β [8-10] and by TGF-β independent 

pathways has been described [11-12].  CTGF is regulated by two TGF-β-induced 

pathways: TGF-β-Smad 3 and TGF-β-Ras-Mek-ERK pathway [13].  TGF-β 

activated myofibroblast differentiation may be mediated by a CTGF-dependent 

pathway, but CTGF alone is not sufficient to induce myofibroblast differentiation and 

collagen matrix contraction [14]. 

 

Collagen is a main protein in connective tissue.  Twenty-nine types of collagen have 

been identified and described.  However, type I, II, III, and IV collagen account for 

90% of the collagen in the body.  Collagen I and III are usually produced by 

fibroblasts [15-16].  Collagen IV is normally expressed in glomerular and tubular 

basement membranes [17].  In tubulointerstitial fibrosis, collagen IV is no longer 

restricted to the basement membranes, but is also expressed in the interstitium and is 
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produced by tubular epithelial cells [18-19] and myofibroblasts [20-21].  Although 

TGF-β plays an important role in the regulation of collagen compounds, it has also 

been reported that glucose-induced expression of interstitial components fibronectin 

and collagen III, IV was TGF-β independent in human renal fibroblasts but the 

mechanism is not clear [16, 22]. 

 

Fibronectin is a high-molecular weight (~440kDa) extracellular matrix glycoprotein 

that binds to membrane-spanning receptor proteins called integrins and also binds to 

extracellular matrix components such as collagen, fibrin and heparin sulfate 

proteoglycans.  TGF-β stimulates the expression of fibronectin and collagen and 

their incorporation into the extracellular matrix [23].  Glucose-induced fibronectin 

expression in renal fibroblasts has also been observed independently of TGF-β1 

activation [16].  Fibronectin also regulates latent TGF-β by controlling matrix 

assembly of latent TGF-β-binding protein-1 (LTBP-1) [24]. 

 

Epithelial-to-mesenchymal transition is induced by contact injury and release of 

TGF-β1 [25-26].  The epithelial cells lose expression of epithelial markers (i.e. 

E-cadherin) and start expressing extracellular matrix proteins (fibronectin, collagen I 

and III) and α-SMA.  α-SMA is a marker of differentiation into myofibroblasts [27]. 

 

Plasminogen activator inhibitor-1 (PAI-1) is the principal inhibitor of tissue 

plasminogen activator (tPA) and urokinase (uPA), the activators of plasminogen and 

hence fibrinolysis.  It has been reported that PAI-1 is induced by TGF-β [13, 28].  

This activation may be regulated by p38, JNK, MAPK, AP-1, SP-1 and Smad [29]. 
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1.4 Protein kinase C  

The Protein kinase C (PKC) family consists of several isoforms which are divided in 

subfamilies.  These isoforms play an important role in several signal transduction 

pathways which control cellular functions such as permeability, fibrosis, apoptosis, 

migration, proliferation and cell adhesion [30]. 

 

The PKC family is divided into three subfamilies, based on their second messenger 

requirements: conventional (or classical), novel and atypical.  Conventional (c) 

PKCs contain the isoforms α, βI, βII, and γ.  These require Ca
2+

, diacylglycerol 

(DAG), and a phospholipid such as phosphatidylserine for activation.  Novel (n) 

PKCs include the δ, ε, ε, and ζ isoforms, and require DAG, but do not require Ca
2+

 for 

activation.  Thus, conventional and novel PKCs are activated through the same 

signal transduction pathway as phospholipase C.  On the other hand, atypical (a) 

PKCs (including protein kinase M δ , η, and ι isoforms) require neither Ca
2+

 nor 

diacylglycerol for activation.  The term "protein kinase C" usually refers to the entire 

family of isoforms.  
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PKC-α has been mostly investigated in diabetes models.  It has been demonstrated 

that high glucose increased PKC-α expression [31].  Hempel et al. have shown that 

high glucose induced a rapid increase in endothelial cell permeability via a PKC-α 

dependent signaling pathway [32].  PKC-α also mediated high glucose dependent 

expression increases of TGF-β1 in cultured vascular smooth muscle cells [33].  

Oxidative stress has been reported to induce prolonged activation of PKC within cells 

[34-35].  In PKC-α knockout mice, albuminuria, perlecan and VEGF were 

down-regulated but TGF-β did not change after stimulation by high glucose [36].  

 

PKC-β has two splice variants genes (PKC-βI and PKC-βII).  Oral feeding of 

selective inhibitor for the PKC-βI and PKC-βII isoforms to STZ induced diabetic rats, 

prevented the increased glomerular mRNA expression of TGF-βI and the increase of 

extracellular matrix components such as fibronectin and collagen IV [37].  In vivo 

inhibition of PKC-β with LY333531 led to a reduction in albuminuria, structural 

injury, and TGF-β expression, despite continued hypertension and hyperglycemia [38].  

Lack of PKC-β can protect against diabetes-induced renal dysfunction, fibrosis, and 

increased expressions of Nox2 and -4, ET-1, VEGF, TGF-β, CTGF, and oxidant 

production [39].  PKC-β contributes to high-glucose-induced TGF-β1 expression and 

renal fibrosis [40]. 
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1.5 Aims 

Although PKC signaling has been studied a lot in the diabetes models, the function of 

PKC signaling in hypoxia induced damages is not clear.  In order to study the 

long-term effects of the classical PKC isoforms PKC-α and PKC-β signaling on 

hypoxia induced inflammation and fibrosis, we used a mouse model of transient 

unilateral ischemia reperfusion injury.  We investigated the effect of a combined 

PKC-α/β blockade by feeding the mice a PKC inhibitor (CGP 412512).  We 

investigated early treatment, 3 days before IRI, and delayed treatment, 24 h after IRI 

was established.  Renal function, renal blood flow, renal morphology and density of 

peritubular capillaries were examined.  Sirius red staining of collagen I and III was 

performed.  Immunohistochemistry for α-SMA, collagen IV, and fibronectin were 

performed.  Expression of CTGF by Western blot and mRNA of PAI-1 by qPCR 

were assessed.  Effects of PKC inhibitor on TGF-β induced α-SMA expression were 

re-confirmed in vitro.  Macrophage and lymphocyte infiltration and expression of 

pro-inflammatory cytokines were measured. 

 

Afterwards we evaluated the distinct role of PKC-α and PKC-β by investigating these 

PKC isoforms in knockout mice.  Again we performed unilateral IRI and 

investigated fibrosis and inflammation as long term consequences of transient hypoxia.  

Sirius red staining and PAS staining were performed.  Immunohistochemistry of 

fibrosis and inflammatory markers were also investigated. 

 

Since we also recognized that C57BL/6 and 129/SV mice, despite having the same 

genotype, differ in the extent of hypoxia induced damage we also characterized the 

hypoxia induced phenotype in both mouse strains.  
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2. Materials and Methods 

2.1 Materials 

2.1.1 Equipments for animal surgeries 

Heating circulator bath table C10-B3 (HAAKE GmbH, Karlsruhe, Germany) 

Stellar S-30 aquarium air pump (Oscar Enterprises, Inc., California, USA) 

Surgery microscope M690 (Leica Service, Bensheim, Germany) 

Syringe pump (TSE systems, Bad Homburg, Germany) 

Univentor 400 anaesthesia unit (TSE systems, Bad Homburg, Germany) 

 

2.1.2 Surgical instruments and sutures  

Acutenaculum BM54 (Aesculap, Tuttlingen, Germany) 

Micro forceps BD329 (Aesculap, Tuttlingen, Germany) 

Nontraumatic vascular clamp FE690K (Aesculap, Tuttlingen, Germany) 

Scissor BC545 (Aesculap, Tuttlingen, Germany) 

Surgical forceps BD537 (Aesculap, Tuttlingen, Germany) 

 

Ethilon 4-0 PS-3 EH7761H (Ethicon, USA) 

Prolene 7-0 BV-1 8701H-S (Ethicon, USA) 

 

2.1.3 Anesthetics 

Avertin 2.5% (Sigma-Aldrich, Steinheim, Germany) 

Isoflurane (Baxter, Unterschleiβheim, Germany) 
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2.1.4 Other materials for surgeries 

Butterfly needle 27 G (Dispomed Witt oHG, Gelnhausen, Germany) 

Na-heparin minicaps (Hirschmann Laborgeräte, Germany) 

Portex Fine Bore Polythene Tubing (Smiths Medical International Ltd, UK) (Inner 

Diameter: 0.58 mm, Outer Diameter: 0.96 mm) 

 

2.1.5 Animals 

All experiments were performed with male C57BL/6 mice (12-16 weeks, 20-27 g) 

and with 129/S1/Sv/ImJ mice purchased from Charles River (Sulzfeld, Germany) and 

PKC-α, PKC-β knockout mice on a 129/Sv background from the Phenos GmbH 

(Hannover, Germany).  Experiments were performed in the animal facility of the 

Phenos GmbH.  The animals received a standard diet with free access to tap water.  

All procedures were carried out according to guidelines from German Society for 

Animal Science (Gesellschaft für Versuchstierkunde; GV-SOLAS) and were approved 

by local authorities (33.9-42502-04-07/1396). 

 

2.1.6 Chemicals and kits 

Chemicals and kits were from company below:  

Ambion (Austin, USA), BD Bioscience (Heidelberg, Germany), BIO-RAD (Hercules, 

USA), Carl Roth GmbH (Karlsruhe, Germany), Chemicon International (Boronia 

Victoria, Australia), Fluka (Steinheim, Germany), Fresenius Kabi (Graz, Austria), 

Linaris Biologische Produkte GmbH (Wertheim, Germany), MβP (San Diego, USA), 

Merck Biosciences AG (Läufelfingen, Switzerland), Merck kGaA (Darmstadt, 

Germany), Merck Schuchardt OHG (Hohenbrunn, Germany), Novozymes (Bagsværd, 

Denmark), Promega (Madison, USA), QIAGEN (Düssseldorf, Germany), 

R-Biopharm (Darmstadt, Germany), Riedel-de Haen (Seelze, Germany), Roche 
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Diagnostics GmbH (Mannheim, Germany), SERVA Electrophoresis GmbH 

(Heidelberg, Germany), Sigma-Aldrich (Steinheim, Germany) , Thermo Scientific 

(Rockford, USA), Waldeck GmbH (Münster, Germany). 

 

2.1.7 Antibodies for immunohistochemistry and Western blot 

Immunohistochemistry (IHC) primary antibodies 

Antibody Company Number Species Dilution Section 

α-SMA Calbiochem CP47 Mouse anti mouse 1:1000 Paraffin 

Collagen IV Bizol 1340-01 Goat anti mouse 1:50 Paraffin 

Fibronectin Abcam ab23750 Rabbit poly 1:200 Paraffin 

F4/80 Serotec MCAP 497 Rat anti mouse 1:1000 Frozen 

CD4 BD 550278 Rat anti mouse 1:100 Frozen 

CD31 BD 557355 Rat anti mouse 1:250 Frozen 

 

IHC secondary antibodies 

Antibody Company Number Dilution 

Cy3-conjugated AffiniPure 

Donkey Anti-Mouse IgG 

Jackson 

ImmunoResearch 

75690 1:500 

Cy3-conjugated AffiniPure 

Donkey Anti-Rat IgG  

Jackson 

ImmunoResearch 

84870 1:500 

Cy3-conjugated AffiniPure 

Donkey Anti-Rabbit IgG  

Jackson 

ImmunoResearch 

87776 1:500 

Cy3-conjugated AffiniPure 

Donkey Anti-Goat IgG  

Jackson 

ImmunoResearch 

79773 1:500 
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Western blot primary antibodies 

Antibody Company Number Species Dilution Molecular 

weight 

CTGF SANTA CRUZ sc-14939 Goat poly 1:200 38 kDa 

14-3-3 β SANTA CRUZ sc-629 Rabbit poly 1:1000 30 kDa 

α-SMA Sigma-Aldrich A5228 Mouse mono 1:500 46 kDa 

GAPDH Sigma-Aldrich G9545 Rabbit poly 1:8000 36 kDa 

 

Western blot secondary antibodies 

Antibody Company Number Dilution 

Donkey anti-goat IgG-HRP SANTA CRUZ sc-2020 1:50000 

Goat anti-rabbit IgG-HRP SANTA CRUZ sc-2004 1:50000 

 

2.1.8 Primers for Real-Time PCR 

Name Company Direction Sequences 

Ribosomal 

protein 

L13A 

RTPrimerDB     

(# 7895) 

Forward 5’-CCTAAGATGAGCGCAAGTTGAA-3’  

Reverse 5’-CCACAGGACTAGAACACCTGCTAA-3’
 
 

PAI-1 BioTez 

Berlin-Buch 

GmbH 

Forward 5’-ATGTTTAGTGCAACCCTGGC-3’  

Reverse 5’-CTGCTCTTGGTCGGAAAGAC-3’  

ICAM-1 QIAGEN   (# QT00155078) 

MCP-1 BioTez 

Berlin-Buch 

GmbH 

Probe 6-FAM-ACTGAACCTCTGCTCCCCACGGG

-TAMRA 

Forward 5’-GTGACCAGGCTGTCGCTACA-3’ 

Reverse 5’-AGGGCAATTACAGTCACGGC-3’ 
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2.2 Methods 

2.2.1 Study groups 

For the PKC-α/β inhibitor (PKC-I) treatment study the C57BL/6 mice were divided 

into 4 groups.  Mice without surgery served as normal controls in group 1.  Group 2 

contained mice that underwent unilateral renal IRI for 45 min without any therapy.  

Group 3 mice were treated over 31 days with the PKC-I (CGP 412512) mixed in the 

normal chow: 1667 mg CGP 412512/10 kg pellets Altromin 1324 (1 mouse eats about 

3.6 g of chow per day; this contained 0.6 mg of compound).  The treatment started 3 

days prior to IRI and was given over 28 days.  Group 4 received unilateral IRI for 45 

min and treatment with PKC-I than was initiated 1 day after IRI surgery and 

continued over 28 days. 

  

In further experiments PKC-α and PKC-β knockout mice were compared with 129/Sv 

mice.  Strain-specific differences after IRI were discovered between C57BL/6 and 

129/Sv mice.  At the designated end points the mice were sacrificed and perfused 

with 20 ml of cold 0.9% sodium chloride, and their kidneys were removed and organ 

preservation was performed.  

 

2.2.2 Surgery for ischemia reperfusion injury 

Surgeries were performed on a heating table for maintenance of body temperature at 

37 °C.  After the mice were anesthetized with isoflurane, left renal pedicle was 

exposed by flank incision and bluntly dissected.  A non-traumatic vascular clamp 

was applied to the left renal pedicle for 45 min.  After the clamp was released, flank 

incision was closed in two layers with a 4-0 Ethilon suture.  During surgery 500 µl 

of warm saline solution was instilled into the peritoneal cavity to avoid exsiccation 

during IR surgery.  Survival was monitored over 28 days.  In separate mice 
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glomerular filtration rate and renal blood flow were measured at day 14 and day 26 

after IRI. 

 

2.2.3 Measure GFR by inulin clearance and RBF by PAH clearance 

2.2.3.1 Blood and urine sample collection 

Inulin and para-aminohippurate (PAH) clearance were performed to measure 

glomerular filtration rate (GFR) and renal blood flow (RBF).  Six mice of each 

group were investigated at day 14 and day 26.  Mice were anesthetized and placed 

on a heating table for maintenance of body temperature (37 °C).  Butterfly needle 

was inserted into the tail vein for infusion and catheter was placed into the bladder for 

urine collection.  Inulin (Fresenius Kabi) and PAH (Merck Biosciences AG) (fetal 

calf serum 100 κl, inulin 1500 κl, PAH 375 κl, distilled water 1875 κl, 1.44% sodium 

chloride 6150 κl) were infused by a syringe pump at a constant rate of 5 κl/min.  

After a 60 min equilibrium was reached urine samples were collected over a period of 

90 min.  Blood samples were drawn at the end of urine collection period.  Bladder 

was sewed with Prolene 7-0 suture and incision was closed with a 4-0 Ethilon suture.  

Inulin and PAH concentrations were measured colorimetrically in a 

spectrophotometer. 

 

2.2.3.2 Measurement of inulin clearance 

Solution preparation: 

Tri-Sodium-Citrate solution (0.2 mol/L) 

 Tri-Sodium-Citrate dihydrate (Carl Roth GmbH) 14.7 g 

 Dissolved with distilled water. 

 Final volume is 250 ml. 
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Citrate Acid-Monohydrate solution (0.2 mol/L) 

 Acid-Monohydrate (Merck kGaA) 4.2 g  

 Dissolved with distilled water. 

 Final volume is 100 ml. 

 

Citrate buffer 

 Tri-Sodium-Citrate solution 60 ml 

 Citrate Acid-Monohydrate solution 22 ml 

 Adjust pH=5.0. 

 

Incubation buffer 

 Citrate buffer (pH=5.0) 10 ml 

 Glucose oxidase (GOD) (Fluka) 750 κl 

 Inulinase (Fructozyme) (Novozymes) 200 κl 

 Perhydrol (H2O2 30%) 50 κl 

 Freshly made before every measurement. 

 

NADP/ATP buffer (standard spectrophotometric enzyme assay kit) 

 TRA buffer/NADP/ATP (R-BIopharm) 1 bottle 

Distilled water 80 ml 

 

Enzymes (standard spectrophotometric enzyme assay kit) 

 Hexokinase (HK) 50 κl 

 Phosphoglucose isomerase (PGI) 50 κl 

 Ammonium acetate (2 mol/L) 900 κl 

 

Procedure: 

 Undiluted serum was used for the measurements. 

 Urine was diluted 1:200 with distilled water. 

 First, 10 κl samples were pipetted into the 96-well-plate (double measurements 
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were performed for each sample) then 50 κl of incubation buffer were added. 

 The 96-well-plates were put into 37 °C incubator for 1 h. 

 One hundred κl of NADP/ATP buffer were added into each well. 

 A spectrophotometer was used to measure extinction E1 at ι=365 nm. 

 Ten κl of enzymes were added into each well. 

 After the enzymes were added the solution was mixed and after 20 min 

measurement of extinction E2 at ι=365 nm was performed. 

 Inulin clearance was calculated as follows. 

 [(E2 urine−E1 urine)×200×(urine volume)]÷[(E2 serum−E1 serum)×90] 

＝Inulin clearance (κl/min) 

 

2.2.3.3 Measurement of PAH clearance 

Solution preparation: 

Zinc sulfate solution (10%) 

 Zinc sulfate heptahydrate 5 g 

 Dissolved with distilled water. 

 Final volume is 50 ml. 

 

Sodium hydroxide (0.5 mol/L) and hydrochloric acid (0.1 mol/L) 

 

Sodium nitrite solution (0.1%) 

 Sodium nitrite  10 mg  

 Distilled water 10 ml  

 

Amidosulfonic acid solution (0.5%) 

 Amidosulfonic acid (Merck # 103) 250 mg 

 Distilled water 50 ml 

 Stable in a brown bottle for 2-3 month at 4 °C. 



Materials & Methods 

18 

N-(1-Naphthyl) ethylenediamine dihydrochloride solution 

 N-(1-Naphthyl) ethylenediamine dihydrochloride (Merck kGaA) 100 mg  

 Warm methanol 10 ml 

 Filled with distilled water to final volume is 100 ml. 

 Stored in a brown bottle at 4 °C. 

 

PAH standards 

 PAH (Merck kGaA) 5 mg 

 Distilled water 100 ml 

 Solution with the concentration 50 mg/L was diluted in 10 mg/L, 20 mg/L, 30 

mg/L, and 40 mg/L. 

 

Procedure: 

 Serum samples were 1:4 diluted with distilled water. 

 Urine samples were 1:400 diluted with distilled water. 

 First, 100 κl of distilled water, 50 κl of Zinc sulfate solution and 50 κl of sodium 

hydroxide were added into each tube.  The solution was mixed. 

 Twenty-five κl of samples, PAH standards and distilled water (blank) were 

pipetted into each tube.  

 Solution was mixed and incubated for 5 min at RT. 

 The tubes were centrifuged at 12000 rpm for 5 min. 

 Eighty κl of supernatant was pipetted into one well of a 96-well-plate (double 

measurements were performed for each sample and each PAH standard 

concentration).  

 Twenty κl of HCl and 10 κl of sodium nitrite were added into each well.  

 Solutions were mixed and incubated for 5 min. 

 Ten κl of amidosulfonic acid solution were added into each well. 

 Solutions were mixed and incubated for 5 min at RT. 

 Ten κl of N-(1-Naphthyl) ethylenediamine dihydrochloride were added into each 

well. 
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 Solutions were mixed and after 20 min measurement of extinction was performed 

at ι=546 nm. 

 PAH clearance was calculated as follows. 

 First results of PAH standards were used to calculate the line: Y=aX+b. 

 Then [(E Urine×a＋b)×100×(Urine Volume)]÷[(E Serum×a＋b)×90] 

＝PAH clearance (κl/min). 

 

2.2.4 Organ preservation 

After 28 days of IRI mice were sacrificed, the final blood draw was performed and 

organs were preserved.  Mice were anesthetized with 2.5% Avertin. Blood was 

drawn by retro-orbital bleeding through a heparinized capillary tube.  Midline 

laparotomy was performed and both kidneys were perfused with ice-cold 0.9% saline 

by puncturing the left ventricle.  Kidneys were harvested and dissected into three 

parts: The first part was quickly put into isopentan (Carl Roth GmbH) on dry ice at 

–40 °C for immunohistochemistry, the second part was flash frozen in liquid nitrogen 

and stored at –80 °C for protein chemistry and qPCR analysis, the third part was fixed 

in 3.75% paraformaldehyde (PFA) and embedded in paraffin for morphological 

examination. 

 

2.2.5 Histology 

2.2.5.1 Tissue embedding 

Solution preparation: 

Sörensen’s phosphate buffer stock solution A (0.26 M) 

 Potassium dihydrogen phosphate (KH2PO4) 17.693 g  

 Dissolved with distilled water. 

 Final volume is 500 ml. 
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Sörensen’s phosphate buffer stock solution B (0.52 M) 

 Disodium hydrogen phosphate (Na2HPO4) 73.83 g 

 Dissolved with distilled water. 

 Final volume is 1000 ml. 

 

Sörensen’s phosphate buffer (working solution) 

 Stock solution A 100 ml 

 Stock solution B 200 ml 

 Distilled water 700 ml 

 

Procedure: 

For paraffin histological assessments, kidneys were perfused with cold 0.9% saline 

and then put into 3.75% PFA.  After 24 h and again after 48 h kidneys were 

transferred into fresh Soerensen’s phosphate buffer.  At 72 h kidneys were embedded 

in paraffin.  For morphologic evaluations, 1.5 κm paraffin sections were cut and 

stained with PAS staining and Sirius red staining. 

 

2.2.5.2 Periodic acid Schiff (PAS) staining 

Solution preparation: 

Periodic acid solution (0.5%) 

 Periodic acid (Merck kGaA) 0.5 g 

 Distilled water 100 ml 

 

Sodium acid sulfite working solution 

 Sodium sulfite solution (10%) (Sigma-Aldrich) 12 ml 

 Hydrochloric acid (1 mol/L) 10 ml 

 Distilled water 200 ml 
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Procedure: 

 Slides were deparaffinized with 3 changes of Roti-Histol (Carl Roth GmbH) for 5 

min each change. 

 Slides were rehydrated through 3 changes of 100% ethanol for 3 min each change, 

2 changes of 96% ethanol for 2 min each change and 70% ethanol for 1 min. 

 The slides were rinsed in 50% ethanol and then rinsed in distilled water. 

 The slides were oxidized in 0.5% periodic acid for 10 min. 

 The slides were rinsed in 3 changes of distilled water for 5 min each wash. 

 The slides were placed in Schiff’s reagent (Merck kGaA) for 20 min. 

 The slides were placed in 3 changes of sodium acid sulfite working solution for 2 

min each time. 

 The slides were rinsed in running tap water for 10 min. 

 The slides were counterstained in hematoxylin for 1 min. 

 The slides were rinsed in running tap water for 10 min. 

 The slides were dehydrated through 2 changes of 96% ethanol for a short dip and 

3 changes of 100% ethanol for 2 min each change. 

 The slides were cleared in 3 changes of Roti-Histol for 2 min each change and 

mounted with Roti-Histokit (Carl Roth GmbH). 

 

2.2.5.3 Sirius red staining 

Solution preparation: 

Phosphomolybdic acid solution (0.2%)  

 Phosphomolybdic acid (Merck) 0.4 g 

 Distilled water 200 ml 

 

Sirius red staining solution (0.1%) 

 Direct red 80 (Fluka) 0.2 g 

 Picrid acid (Fluka) 6 g 
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 Dissolved with distilled water. 

 Final volume is 200 ml. 

 Picric acid is explosive and work up needs to be done under the fume hood! 

 Solution is difficult to dissolve, it needs a long time and to be filtered before use. 

 The solution needs to be prepared freshly every time. 

 

Hydrochloric acid solution (0.01 mol/L) 

 Hydrochloric acid (5 mol/L) 400 κl 

 Distilled water 200 ml 

 Prepared freshly every time. 

 

Procedure: 

 Slides were deparaffinized in 3 changes of Roti-Histol for 5 min each change and 

rehydrated through 2 changes of 100% ethanol for 5 min each change, 2 changes 

of 70% ethanol for 5 min each change, 2 changes of 50% ethanol for 5 min each 

change. 

 The slides were rinsed in running tap water for 10 min and washed in distilled 

water for 5 min. 

 The slides were placed in 0.2% phosphomolybdic acid solution for 5 min to 

prevent background staining. 

 The slides were stained in 0.1% Sirius red staining solution overnight at RT. 

 The slides were washed in 0.01 mol/L hydrochloric acid for a short dip. 

 The slides were dehydrated through a short dip in 70% ethanol, 2 changes of 

100% ethanol for 3 min each change. 

 The slides were cleared and mounted as stated above. 
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2.2.6 Immunohistochemistry 

Solution preparation: 

Citrate buffer (10 mM sodium citrate, pH 6.0) 

 Citric acid monohydrate 2.1 g 

 Distilled water 900 ml       

 Sodium hydroxide (2 mol/L) (approx. 13 ml) was used to adjust pH=6.0. 

 Filled up to a final volume 1000 ml with distilled water. 

 Stable at RT for 3 month and at 4 °C even longer. 

 

Trypsin solution 

 Gloves have to be used when handling trypsin! 

 One pellet trypsin was dissolved in 1000 κl pre-heated distilled water. 

 This reagent was mixed until the pellet was completely dissolved. 

 Pre-heat the trypsin in the 37 °C incubator. 

 

Tris buffered saline (TBS) 

 10×Tris buffered saline (TBS) (BIO-RAD) 100 ml 

 Distilled water 900 ml 

 

Preparation of slides: 

Paraffin sections 

 Paraffin tissues were cut into 1.5 κm thick paraffin sections. 

 The paraffin sections were deparaffinized and rehydrated the same way as in PAS 

staining. 

 Sections were rehydrated with 50% ethanol for 1 min and rinsed in distilled water 

for 1 min. 
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Frozen sections 

 Frozen tissues were cut into 6 κm thick frozen sections. 

 These frozen sections were warmed at RT for 30 min and fixed in ice cold 

acetone for 5 min and dried out by air for 30 min. 

 The frozen sections were washed in TBS. 

 

Antigen retrieval: 

 Antigen retrieval was only applied for paraffine sections.  

 Two methods are described below and can be used alternatively. 

 

Microwave Oven 

 The slides were incubated with citrate buffer in a microwave on full power for 8 

min.  

 The slides were kept warm for 2 min in the microwave and then heated with full 

power for 8 min again (solution must boil). 

 Slides were taken out and cooled on ice for 30 min. 

 

Trypsin 

 The excess water around the specimen was carefully removed from the section. 

 The specimen was encircled with a Pap pen.  

 TBS was immediately pipetted onto the section to avoid drying out.  

 The pre-heated trypsin solution was taken out from the incubator. 

 TBS was discarded from the specimen. 

 Fifty κl of trypsin solution was pipetted on the specimen. 

 The slides were immediately transferred into the 37 °C incubator for exactly 15 

min and then transferred to RT for 15 min. 
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Procedure: 

 All staining procedures were performed in a dark humid chamber.   

 The slides were washed with 3 changes of high salt solution (or TBS) for 5 min 

each wash. 

 The slides were blocked with the serum (such as donkey, rabbit, and goat from 

the species which the second antibody is derived from) for 30 min at RT. 

 Excess of serum was carefully removed.  

 The slides were incubated with the primary antibody (diluted in TBS) for 60 min 

at RT (or at 4 °C over night). 

 The slides were washed with 3 changes of high salt solution (or TBS) for 5 min 

each wash. 

 The slides were incubated with the fluorescence labeled secondary antibody (such 

as Cy3-conjugated donkey anti-rat IgG antibody) for 60 min at RT. 

 The slides were washed with 3 changes of high salt solution (or TBS) for 5 min 

each wash and kept in the dark. 

 The slides were embedded in vectashield (Vector, Linaris Biologische Produkte 

GmbH) containing DAPI. 

 

2.2.7 Western blot 

Solution preparation: 

RIPA buffer (Radio Immuno Precipitation Assay buffer) 

 Tris 0.6 g 

 Sodium chloride 0.88 g  

 Sodium dodecyl sulphate (SDS)  0.1 g 

 Sodium deoxycholate 0.5 g  

 NP-40 1.0 g 

 Dissolved with double-distilled water. 

   Adjusted pH=7.5. 
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 Final volume is 100 ml. 

 Stocked at 4 °C. 

      

Lysis buffer 

 Radio immuno precipitation assay buffer (RIPA) 10 ml 

 Protease inhibitor cocktail tablets (Roche)  1 tablet 

 Sodium orthovanadate (Na3VO4) (100 mM)  100 κl 

 Sodium fluoride (NaF) (1 M)  500 κl 

 Okadaic acid 10 κl  

 

6×Loading buffer 

 Tris pH 6.8 (0.5 M)  7 ml 

 SDS (0.35 M)  1 g 

 Glycerol (30%) 3 ml 

 DTT (0.6 M)  0.93 g 

 Bromphenol blue (0.175 mM)  1.2 mg 

 Final volume is 10 ml. 

 

Resolving gels (10%)  

 Distilled water 7.9 ml 

 Acrylamide mix (30%) 6.7 ml 

 Tris pH 8.8 (1.5 M)  5.0 ml 

 SDS (10%)  0.2 ml 

 Ammonium persulfate (10%)  0.2 ml 

 TEMED 8.0 κl 

 Final volume is 20 ml for 2 gels. 



Materials & Methods 

27 

Stacking gels (5%) 

 Distilled water 4.1 ml 

 Acrylamide mix (30%) 1.0 ml 

 Tris pH 6.8 (1.0 M) 0.75 ml 

 SDS (10%) 60 κl 

 Ammonium persulfate (10%) 60 κl 

 TEMED  6 κl 

 Final volume is 6 ml for 2 gels. 

 

1×Running buffer 

 Tris 3 g 

 Glycine 14.4 g 

 SDS (10%) 10 ml 

 Filled with distilled water. 

 Final volume is 1 L. 

 

1×Transfer buffer 

 Glycine 3 g 

 Tris  6 g 

 Filled with distilled water. 

 Final volume is 1 L and fresh made very time. 

 

1×TBST 

 Sodium chloride (5 M) 60 ml 

 Tris pH 7.4 (1 M)  40 ml 

 Tween 20 2 ml 

 Filled with distilled water 

 Final volume is 2 L 
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3% Bovine Serum Albumin (BSA) 

 Albumin Bovine Fraction V (SERVA Electrophoresis)  3 g  

 Filled with 1×TBST 

 Final volume is 100 ml 

 

5% Non-fat milk 

 Blotting Grade Blocker Non-Fat Dry Milk (BIO-RAD) 5 g 

 Filled with 1×TBST 

 Final volume is 100 ml 

 

Procedure: 

Sample preparation 

 The kidneys were flash frozen in liquid nitrogen and stored at –80 °C.  These 

samples were resuspended in lysis buffer and homogenized with a conventional 

rotor-stator homogenizer. 

 Homogenates were centrifuged at 12000 rpm at 4 °C for 15 min in a 

microcentrifuge.  The tubes were gently removed from the centrifuge and 

placed on ice.  The supernatant was aspirated and placed in a fresh tube kept on 

ice.  The pellet was discarded. 

 Protein amounts were measured with a PIERCE BCA Protein Assay Kit (Thermo) 

and spectrophotometer (Sunrise). 

 Aliquots of the supernatants were stored at –80 °C. 

 Seventy-five κg of protein from each sample were suspended in 6×Loading 

buffer and filled up to 18 κl with distilled water.  After a brief vortex and spin, 

the solution was heated at 95 °C for 5 min and then can be stored at –20 °C. 

 

Electrophoresis 

 Resolving gel (10% acrylimide) and stacking gel (5% acrylimide) were made by 

using a Mini PROTEAN Tetra Cell system (BIO-RAD).  The gels were 

submerged in 1×running buffer. 
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 Denatured protein samples and Precision Plus Protein Standards (BIO RAD) 

were loaded in mini-gel wells with a micro-syringe. 

 The stacking gel was run at 80 volts and the resolving gel at 120 volts. 

 When the dye molecule reached the bottom of the gel, the power was turned off 

and the gels were immediately transferred to a PVDF membrane. 

 

Transfer of proteins and staining 

 PVDF membrane was activated by immersing in 100% methanol for 30 seconds 

and then in transfer buffer. 

 The gel and membrane were sandwiched between sponge and paper 

(sponge/paper/gel/membrane/paper/sponge/) and were clamped tightly together 

after ensuring no air bubbles between the gel and membrane.  The membrane 

was nearest to the positive electrode and the gel nearest to the negative electrode. 

 The sandwich was submerged in transfer buffer and Mini Trans-Blot Cell system 

(BIO-RAD) was applied. 

 Transfer was carried on at consistent 0.4 ampere for nearly 120 min. 

 The membrane was blocked with 3% BSA or 5% non-fat milk for 1 hour at room 

temperature and rinsed for 5 seconds in TBST. 

 Primary antibody was diluted in 2% BSA or 1% non-fat milk at the suggested 

dilution.  

 The membrane was incubated in primary antibody solution at 4 °C overnight. 

 The membrane was washed with TBST 3 times, 15 min per wash. 

 The secondary antibody was diluted 1:50,000 with TBST. 

 The membrane was incubated in secondary antibody solution at room 

temperature for 1 hour. 

 The membrane was washed with TBST 3 times, 15 min per wash. 

 The membrane was incubated with Super Signal West Pico Chemiluminescent 

Substrate (Thermo) for 3 min. 

 The film was exposed to the membrane and developed in a dark room. 

 As an internal control, 14-3-3 β was detected on the same membrane after a 30 
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min wash with TBST. 

 Quantification was done by measuring the relative density compared to 14-3-3 β 

(Quantity One, BIO-RAD). 

 

2.2.8 Real-time PCR 

Solution preparation: 

70% ethanol 

 Ethanol (100%) 35 ml 

 RNase-free water 15 ml  

 Stored at –20 °C 

 

DNase I stock solution 

Lyophilized DNase I (1500 Kunitz units) was dissolved by injected 550 µl of the 

RNase-free water into the vial using an RNase-free needle and syringe.  

 Gently invert the vial (do not vortex) 

 Divided into single-use aliquots 

 The aliquots were stored at –20 °C for up to 9 months 

 Thawed aliquots can be stored at 2–8 °C for up to 6 weeks 

 The aliquots must not be frozen again after thawing. 

 

10×SYBR solution 

 SYBR Green I nucleic acid gel stain 10,000×Concentrate 5 µl  

 Dimethyl sulfoxide (DMSO)  5 ml  
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SYBR Green master mix (contained 2 mM MgCl2) 

 10×PCR buffer with Magnesium chloride 2.0 µl 

 PCR nucleotide mix 0.4 µl 

 10×SYBR 1.0 µl 

 0.1% Tween 20 2.0 µl 

 Diethylpyrocarbonate (DEPC) water 4.6 µl 

 

SYBR Green master mix (contained 5 mM MgCl2)  

 10×PCR buffer without Magnesium chloride 2.0 µl 

 25 mM Magnesium chloride (Roche Diagnostics GmbH) 4.0 µl 

 PCR nucleotide mix 0.4 µl 

 10×SYBR 1.0 µl 

 0.1% Tween 20 2.0 µl 

 DEPC water 0.6 µl 

 

PCR reaction solution for one well 

 DEPC water 3.7 µl 

 Forward primer 0.6 µl 

 Reverse primer 0.6 µl 

 SYBR Green master mix 10.0 µl 

 FastStart Taq DNA Polymerase (Roche Diagnostics GmbH) 0.1 µl 

 

Procedure: 

Purification of total RNA from animal tissues 

 Ten µl of β-Mercaptoethanol (β-ME) (Sigma-Aldrich) were added to 1 ml buffer 

RLT before use.  

 Buffer RPE from RNeasy Mini Kit (QIAGEN) was supplied as a concentrate.  

Before using for the first time, 4 volumes of ethanol (96–100%) were added. 

 The vessel, forceps and homogenizer was washed with RNAse AWAY (MβP). 

 A portion of kidney (no more than 30 mg) was weighed and placed into a suitably 



Materials & Methods 

32 

sized vessel for disruption and homogenization. 

 Six hundred µl of buffer RLT from RNeasy Mini Kit were immediately added in 

the vessel.  The tissue was disrupted and homogenized using a conventional 

rotor-stator homogenizer until it was uniformly homogeneous (usually 20–40 s). 

 The lysate was pipetted into a collection tube and placed on ice until all the 

tissues were homogenized. 

 The lysate was directly pipetted into a QIAshredder spin column (QIAGEN) 

placed in a 2 ml collection tube and was centrifuged for 2 min at full speed. 

 The supernatant was carefully transferred to a new microcentrifuge tube. 

 Six hundred µl of 70% ethanol was added and mixed immediately by pipetting. 

 Seven hundred µl of the sample were transferred to an RNeasy spin column 

placed in a 2 ml collection tube and centrifuged for 1 min at 10,000 rpm.  The 

flow-through was discarded. 

 The rest volume of sample was transferred to the same RNeasy spin column 

placed in collection tube and centrifuged for 1 min at 10,000 rpm.  The 

flow-through was discarded. 

 Seven hundred µl of RW1 from kit were added to the RNeasy spin column and 

centrifuged for 15 s at 10,000 rpm.  The flow-through was discarded. 

 Ten µl of DNase I stock solution were added to 70 µl buffer RDD.  The solution 

was mixed by gently inverting the tube and centrifuged briefly to collect residual 

liquid from the sides of the tube. 

 Eighty µl of DNase I incubation mix were added directly to the RNeasy spin 

column membrane and placed on the benchtop (20–30 °C) for 15 min. 

 Five hundred µl of buffer RPE were added to the RNeasy spin column and 

centrifuged for 1 min at 10,000 rpm to wash the spin column membrane.  The 

flow-through was discarded. 

 Another 500 µl of buffer RPE were added to the RNeasy spin column and 

centrifuged for 1 min at 10,000 rpm.  The flow-through was discarded. 

 The RNeasy spin column was placed in a new 2 ml collection tube and 

centrifuged at full speed for 1 min. 
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 The RNeasy spin column was placed in a new 1.5 ml collection tube.  Thirty µl 

of RNase-free water were added directly to the spin column membrane.  The 

spin column was placed for 1 min and then centrifuged for 1 min at 10,000 rpm 

to elute the RNA. 

 The collection tubes were placed on ice for measuring the concentration of RNA. 

 Eppendorf BioPhotometer must be opened 30 min before measuring.  

 Three µl of RNA sample were diluted with 72 µl RNase-free water.  The mixed 

solution was ready for measurement.  RNase-free water was used as blank. 

 RNA concentration was measured by Eppendorf BioPhotometer at 260 nm. 

 RNA samples were stored at –80 °C. 

 

Synthesis of cDNA from RNA 

 Two µg of RNA sample were filled up to 24 µl with DEPC treated water. 

 Two µl of random primer (Promega) and 2 µl of oligo dT primer (Promega) were 

added in the solution. 

 After brief vortex and spin, the micro tubes were incubated at 70 °C for 10 min in 

a thermal cycler and then cooled on ice. 

 Eight µl of M-MLV RT buffer (Promega), 2 µl of dNTP (Roche Diagnostics 

GmbH) and 2 µl of M-MLV reverse transcriptase (Promega) were added in each 

micro tube contained RNA solution and mixed. 

 Micro tubes were incubated at 42 °C for 90 min to reverse transcription and then 

at 70 °C for 10 min to denature the enzyme in a thermal cycler (MJ Research). 

 Ten µl of cDNA were diluted with 490 µl DEPC water and stored at –20 °C.  

 

Real-time PCR 

 SYBR Green master mix was prepared at first and stored at –20 °C. 

 Polymerase was taken out from –20 °C and placed immediately on ice. 

 PCR reaction solution was made according to the amount needed (50 aliquots 

must be prepared for 48 wells). 

 PCR reaction solutions for target gene and housekeeper gene were pipetted into a 
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LightCycler 480 multiwell plate (Roche Applied Science).  Each well contained 

15 µl PCR reaction solutions. 

 Five µl of diluted cDNA samples were added into each well contained PCR 

reaction solution.  One sample was added into 3 wells. 

 Five µl of DEPC water was added into 3 wells for each PCR reaction solution as 

the negative control. 

 The multiwell plate was tightly covered with LightCycler 480 sealing foil (Roche 

Applied Science).  

 The multiwell plate was brief centrifuged and then put into LightCycler 480 II 

PCR system (Roche Applied Science). 

 After pre-incubation at 95 °C for 5 min to activate the polymerase, 45 cycles for 

amplification was run 10 sec at 95 °C for denaturing, 10 sec at 60 °C for 

annealing and 10 sec at 72 °C for extension.  Specificity of the amplification
 

product was verified by melting curve analysis. 

 

Some changes: 

The forward primer and reverse primer of ICAM-1 were put in one tube. 

PCR reaction solution for ICAM-1 

 DEPC water 2.9 µl 

 Forward and reverse primer 2.0 µl 

 SYBR Green master mix 10.0 µl 

 FastStart Taq DNA Polymerase 0.1 µl 

   

When measuring the MCP-1, Taqman master mix was used. 

Taqman Master Mix (contained 2 mM MgCl2) 

 10×PCR buffer with Magnesium chloride 2.0 µl 

 PCR nucleotide mix 0.4 µl 

 DMSO 1.0 µl 

 DEPC water 6.6 µl 
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PCR reaction solution for one well 

 DEPC water 2.9 µl 

 Forward primer 0.6 µl 

 Reverse primer 0.6 µl 

 UPL-Sonde (Tamra) 0.8 µl 

 Taqman master mix 10.0 µl 

 FastStart Taq DNA Polymerase 0.1 µl 

 

After pre-incubation at 95 °C for 10 min to activate the polymerase, 45 cycles for 

amplification was carried out 10 sec at 95 °C for denaturing, 30 sec at 60 °C for 

annealing and 20 sec at 72 °C for extension.  

 

2.2.9 Cytokine detection 

Serum of mice was drawn at 4 h and 24 h after IRI and was stored at –80 °C.  For 

quantification of cytokine level in the serum, cytometric bead array (CBA) was 

performed by using a flowcytomix mouse/rat basic kit (BD Biosciences) combined 

with flowcytomix mouse simplex kit of KC, IL-6, and MCP-1 as recommended by the 

manufacturer.  Results were obtained flow-cytometrically using a FACSCalibur (BD 

Biosciences). 
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2.2.10 Cell culture 

Normal rat kidney (NRK) cells were put into 5 small cell culture wells (Dia = 6 cm) 

in 37 °C incubator over night.  Stimulation was performed when 70% cell 

confluence was reached. 

 

Activation group: 

1. Fibrinogen (1 mg/ml) (Sigma) 

2. DMSO (1:100,000) 

3. TGF-β (2 ng/ml) (R&D systems) 

4. PKC Inhibitor (1:1,000,000) (5.7 mg CGP412 dissolved in 1 ml DMSO, 1:1000 

diluted with PBS or distilled water, then 1:1000 diluted again) 

5. TGF-β (2 ng/ml) + PKC Inhibitor (1:1,000,000) (Pre-incubation with PKC was 

done for 30 min before TGF-β was added) 

 

After activation for 48 h, histocytochemistry of the cells and Western blot analysis for 

α-SMA were performed.  

 

2.2.11 Statistics 

Data are shown as mean ± SEM.  The data were analyzed with t-test when 

comparing means between two groups.  One-way ANOVA was used when 

comparing multiple groups.  A p value < 0.05 was considered statistically 

significant. 



Results 

37 

3. Results 

In this study the efficacy of PKC-α/β inhibitor (CGP 412512) to prevent hypoxia 

induced progressive renal interstitial fibrosis and tubular atrophy (IFTA) was 

investigated.  Hypoxia was induced by transient unilateral ischemia reperfusion 

injury for 45min.  The effects of the PKC inhibitor (PKC-I) on renal function, 

morphology, expression of pro-fibrotic and pro-inflammatory signaling molecules 

were investigated. 

 

In the second part of this study further experiments were performed to identify the 

distinct influence of PKC-α and of PKC-β deficiency on hypoxia induced progressive 

IFTA.  In the second part PKC-α and PKC-β knockout mice were compared to 

wild-type (WT) controls. 

 

3.1 Results of PKC-α/β inhibitor treatment 

To study the effects of PKC-α/β inhibitor on hypoxia induced IFTA, four groups were 

compared: IRI and vehicle treatment (IRI), PKC-α/β inhibitor pre-treatment initiated 3 

d prior to IRI and continued over 28 d (IRI+PKC-I pre), PKC-α/β inhibitor 

post-treatment initiated 24 h after IRI and continued over 28 d (IRI+PKC-I post), and 

control group without any surgery (control). 
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3.1.1 PKC-α/β inhibitor treatment ameliorates renal function and 

renal blood flow after IRI 

Since we performed unilateral renal ischemia reperfusion injury the contra-lateral 

kidney maintained normal kidney function measured by serum creatinine and serum 

BUN.  A more sensitive method to study renal function is to investigate glomerular 

filtration rate (GFR) by measuring inulin clearance day 14 and day 26 after IRI.  In 

the same experiment renal blood flow (RBF) was studied by measuring PAH 

clearance. 

 

Unilateral IRI resulted in a significant decrease of GFR at d 14 and d 26 in the IRI 

group.  At d 14, there was no significant difference between IRI group and PKC-I 

treated animals.  In contrast at d 26, PKC-I pre-treatment preserved renal function 

and caused a significant increase in GFR compared to IRI group.  This positive 

effect was seen even when PKC-I treatment was given 24 h after IRI (Fig. 1A)   

 

Similar results were seen for RBF.  Unilateral IRI resulted in a significant decrease 

of RBF at d 14 and d 26 in the IRI group.  At d 14, there was no significant 

difference between the IRI group and PKC-I treated animals.  In contrast at d 26, 

PKC-I pre-treatment caused a significant increase in RBF compared to IRI group.  

Again the positive effect was seen even when PKC-I treatment was initiated 24 h after 

IRI (Fig. 1B). 
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Figure 1: Glomerular filtration rate and renal blood flow 

Figure 1: Effects of PKC-α/β inhibitor treatment on glomerular filtration rate (A: 

inulin clearance) and renal blood flow (B: PAH clearance) measured at d 14 and d 26 

after IRI.  IRI (black bar) reduced GFR and RBF in the vehicle treated group 

compared to normal controls (white bar).  GFR and RBF were improved 

significantly in PKC-I pre- (grey bar) and post-treatment (striped bar) at d 26.  Data 

are means ± SEM (n=6 mice/group).  ** p < 0.01, *** p < 0.001 IRI vehicle 

treatment group vs. control group.   p < 0.05,  p < 0.01 PKC-I treatment group 

vs. IRI vehicle treatment group on the same day. 
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3.1.2 PKC-α/β inhibitor pre-treatment preserves renal peritubular 

capillaries after IRI 

It is well known that hypoxia leads to a decrease of the amount of peritubular 

capillaries leads to an impairment of renal blood flow.  PECAM-1 (CD31) is a 

marker for endothelial activation and is up-regulated in peritubular capillaries after 

IRI.  Immunohistochemistry with CD31 at d 28 was performed.  PKC-I pre-treated 

kidneys (Fig. 2A) showed more CD31 positive structures compared to the IRI group 

(Fig. 2B) suggesting that the number of peritubular capillaries was preserved due to 

the PKC-I pre-treatment.  Quantification was done by semi-quantitative scoring: 

0=none, 1= low density, 2= medium density, 3= high density of CD31 positive 

structures (Fig. 2C). 
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Figure 2: Peritubular capillaries at d 28 after IRI 

Figure 2: Immunohistochemistry of CD31 expression at d 28 after IRI.  A: IRI and 

vehicle treatment (black bar).  B: IRI and PKC-I pre-treatment (grey bar).  C: 

Semi-quantitative scoring of CD31 expression (magnification, ×200).  Peritubular 

capillaries were significantly preserved in PKC-I pre-treatment group compared to 

vehicle treatment group (* p < 0.05).  Data are means ± SEM (n=6 mice/group).
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3.1.3 PKC-α/β inhibitor pre-treatment prevents acute tubular 

necrosis after IRI 

To evaluate the tissue damage after IRI, kidneys were harvested at d 28 after IRI. 

Paraffin sections were stained with PAS and morphology was evaluated.  Acute 

tubular necrosis (ATN) is characterized by loss of the tubular brush border, epithelial 

flattening, vacuolization and epithelial cell detachment, tubular dilatation, tubular cast 

formation, pycnic tubular nuclei and loss of tubular nuclei. 

 

Normal control mice had normal renal architecture (Fig. 3A).  IRI caused severe 

tissue damage in vehicle treated kidneys (Fig. 3B).  The tubular injury was 

attenuated by PKC-I pre-treated mice (Fig. 3C).  In contrast PKC-I post-treatment 

did not protect from tissue injury.  Similar damage as in vehicle treated mice was 

observed (Fig. 3D).  For ATN the following semi-quantitative scoring was used: 0= 

<5%, 1= 5-20%, 2= 20-50%, 3= 50-75%, 4= >75% of the affected tubulointerstitial 

area (Fig. 3E). 

 

Beside the effect of the different treatment strategies on long term changes we also 

investigated the early tissue injury 1 d after IR.  IRI in the vehicle treated group 

showed severe ATN (Fig. 4A).  Mice pre-treated with PKC-I 3 days prior to IRI also 

had severe ATN (Fig. 4B), but it was decreased in comparison with the IRI vehicle 

group (Fig. 4C). 

 

 



Results 

43 

Figure 3: Renal morphology at d 28 after IRI (PAS stain) 

Figure 3: Renal morphology at d 28 after IRI (PAS stain).  A: Normal controls 

(white bar).  B: IRI and vehicle treatment (black bar).  C: IRI and PKC-I 

pre-treatment (grey bar).  D: IRI and PKC-I post-treatment (striped bar).  E: 

Semi-quantitative scoring of ATN in the cortex area (magnification, ×400).  ATN 

was significantly reduced in PKC-I pre-treatment group compared to vehicle 

treatment group (* p < 0.05).  Data are means ± SEM (n=6 mice/group). 
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Figure 4: Renal morphology at d 1 after IRI (PAS stain) 

Figure 4: Renal morphology at d 1 after IRI (PAS stain).  A: IRI and vehicle 

treatment (black bar).  B: IRI and PKC-I pre-treatment (grey bar).  C: 

Semi-quantitative scoring of ATN in the cortex area (magnification, ×400).  ATN 

was slightly reduced in PKC-I pre-treatment group compared to vehicle treatment 

group (* p < 0.05).  Data are means ± SEM (n=10 mice/group). 
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3.1.4 PKC-α/β inhibitor pre-treatment reduces renal fibrosis after 

IRI 

After we discovered that PKC-α/β inhibitor pre-treatment reduced tubular injury after 

IRI we wanted to evaluate whether PKC-α/β inhibition influences fibrosis.  TGF-β is 

a key regulator of fibrosis.  To investigate whether TGF-β activation is influenced by 

PKC inhibition we studied expression of downstream targets of TGF-β are such as: 

CTGF [8], α-SMA [41], fibronectin and collagen IV [8].  First, we analyzed protein 

levels of CTGF by Western blot. 

 

3.1.4.1 PKC-α/β inhibitor pre-treatment inhibits up-regulation of CTGF after 

IRI 

We performed Western blot of CTGF of the clamped kidney 28 days after IRI (Fig. 

5A).  14-3-3 β was used as an internal control.  The ratio between CTGF and 

14-3-3 β expression was analyzed by Quantity One (Fig. 5B).  IRI induced 

up-regulation of CTGF in the vehicle treated group.  In contrast, this up-regulation 

of CTGF was significantly reduced in PKC-I pre-treatment group.  Late PKC-I 

treatment did not prevent the up-regulation of CTGF. 
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Figure 5: CTGF expression at d 28 after IRI 

Figure 5: Western blot of connective tissue growth factor (CTGF) expression at d 28 

after IRI.  A: Western blot images show protein level of CTGF and 14-3-3 β in 

kidneys of normal controls, IRI, IRI with PKC-I pre-treatment and IRI with PKC-I 

treatment started after 24 h.  B: densitometric analysis demonstrates relative 

expression levels of CTGF normalized for 14-3-3 β in each group.  Up-regulation of 

CTGF was significantly prevented in PKC-I pre-treatment group compared to vehicle 

treatment group (** p <0.01).  Data are means ± SEM (n=6 samples/group were 

analyzed).  
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3.1.4.2 PKC-α/β inhibitor pre-treatment ameliorates up-regulation of collagen IV 

after IRI 

Another downstream target of TGF-β activation is collagen IV expression.   

Immunohistochemistry for collagen IV was performed on paraffin sections.  Only 

mild collagen IV baseline expression was detected in the tubulointerstitium of normal 

control mice (Fig. 6A).  We observed that collagen IV deposition increased in the 

peritubular interstitial area after IRI (Fig. 6B).  PKC-I pre-treatment significantly 

reduced the up-regulation of collagen IV expression (Fig. 6C).  Again, PKC-I 

post-treatment did not prevent collagen IV up-regulation (Fig. 6D).  Quantification 

was done by semi-quantitative scoring: 0= <5%, 1= 5-20%, 2= 20-50%, 3= 50-75%, 

4= >75% of the affected tubulointerstitial area (Fig. 6E). 
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Figure 6: Collagen IV expression at d 28 after IRI 

Figure 6: Immunohistochemistry of collagen IV expression at d 28 after IRI.  A: 

Normal controls (white bar).  B: IRI and vehicle treatment (black bar).  C: IRI and 

PKC-I pre-treatment (grey bar).  D: IRI and PKC-I post-treatment (striped bar).  E: 

Semi-quantitative scoring of collagen IV in the cortex area (magnification, ×200).  

Up-regulation of collagen IV was significantly prevented in PKC-I pre-treatment 

group compared to vehicle treatment group (** p <0.01).  Data are means ± SEM 

(n=5 mice/group).  
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3.1.4.3 PKC-α/β inhibitor pre-treatment ameliorates up-regulation of collagen I 

and III after IRI 

To evaluate collagen I and III expression, kidneys were harvested at d 28 after IRI.  

Paraffin sections were stained with Sirius red staining.  There was bright signaling of 

collagen I and III expressions under polarized light.  There was nearly no signal in 

normal control mice (Fig. 7A).  After IRI, the collagen content was increased in the 

peritubular interstitial area (Fig. 7B), but the collagen content was decreased in PKC-I 

pre-treatment group (Fig. 7C).  In the PKC-I post-treatment group (Fig. 7D) no 

reduction of collagen found.  Quantification was done by taking 10 random pictures 

in the outer stripe of outer medulla and measuring the percentage of the fibrotic area 

with ImageJ software (Fig. 7E). 
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Figure 7: Collagen I and III expression at d 28 after IRI 

Figure 7: Sirius red staining of collagen I and III expressions at d 28 after IRI.  A: 

Normal controls (white bar).  B: IRI and vehicle treatment (black bar).  C: IRI and 

PKC-I pre-treatment (grey bar).  D: IRI and PKC-I post-treatment (striped bar).  E: 

Quantitative scoring of collagen I and III in the outer stripe of outer medulla area 

(magnification, ×400).  Up-regulation of collagen I and III was significantly 

prevented in PKC-I pre-treatment group compared to vehicle treatment group (* p < 

0.05).  Data are means ± SEM (n=6 mice/group).  
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3.1.4.4 PKC-α/β inhibitor pre-treatment ameliorates up-regulation of fibronectin 

after IRI 

Next, fibronectin expression was studied by immunohistochemistry which was 

performed on paraffin sections.  In the tubulointerstitium of normal kidneys from 

control mice (Fig. 8A) only mild baseline expression of fibronectin was observed.  

IRI induced severe up-regulation of fibronectin after 28 days (Fig. 8B).  PKC-I 

pre-treatment significantly reduced the hypoxia induced up-regulation (Fig. 8C).  

Initiation of PKC-I treatment after established IRI did not prevent fibronectin 

up-regulation (Fig. 8D).  Quantification was done by semi-quantitative scoring: 0= 

<5%, 1= 5-20%, 2= 20-50%, 3= 50-75%, 4= >75% of the tubulointerstitial area (Fig. 

8E). 
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Figure 8: Fibronectin expression at d 28 after IRI 

Figure 8: Immunohistochemistry of fibronectin expression at d 28 after IRI.  A: 

Normal controls (white bar).  B: IRI and vehicle treatment (black bar).  C: IRI and 

PKC-I pre-treatment (grey bar).  D: IRI and PKC-I post-treatment (striped bar).  E: 

Semi-quantitative scoring of fibronectin in the cortex area (magnification, ×200).  

Up-regulation of fibronectin was significantly prevented in PKC-I pre-treatment 

group compared to vehicle treatment group (** p <0.01).  Data are means ± SEM 

(n=6 mice/group). 
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3.1.4.5 PKC-α/β inhibitor pre-treatment ameliorates up-regulation of α-SMA 

after IRI 

Another marker of fibrosis is α-SMA which is also induced by TGF-β activation.  In 

normal kidneys α-SMA is expressed in vessels (Fig. 9A).  IRI induced up-regulation 

of α-SMA the tubulointerstitium where it was expressed by myofibroblasts (Fig. 9B).  

PKC-I pre-treatment attenuated α-SMA up-regulation (Fig. 9C).  PKC-I post-treated 

mice showed the same up-regulation of α-SMA as vehicle treated mice after IRI (Fig. 

9D).  Quantification was done by semi-quantitative scoring: 0= <5%, 1= 5-20%, 2= 

20-50%, 3= 50-75%, 4= >75% of the tubulointerstitial area (Fig. 9E). 
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Figure 9: α-SMA expression at d 28 after IRI 

Figure 9: Immunohistochemistry of alpha- smooth muscle actin (α-SMA) expression 

at d 28 after IRI.  A: Normal controls (white bar).  B: IRI and vehicle treatment 

(black bar).  C: IRI and PKC-I pre-treatment (grey bar).  D: IRI and PKC-I 

post-treatment (striped bar).  E: Semi-quantitative scoring of α-SMA in the cortex 

area (magnification, ×200).  Up-regulation of α-SMA was significantly prevented in 

PKC-I pre-treatment group compared to vehicle treatment group (* p <0.05).  Data 

are means ± SEM (n=5 mice/group).
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3.1.4.6 PKC-α/β inhibitor pre-treatment reduces up-regulation of PAI-1 mRNA 

expression after IRI 

Plasminogen activator inhibitor-1 (PAI-1) is another downstream target of TGF-β 

which is the principal inhibitor of tissue plasminogen activator (tPA) and urokinase 

(uPA), and hence it is an inhibitor of fibrinolysis.  For this experiment the kidneys 

were harvested 24 h after IRI.  We analyzed the mRNA of PAI-1 by Real-time PCR.  

The ribosomal gene RPL13A was used as house keeper for normalization (Fig. 10).  

PAI-1 mRNA expression was up-regulated by IRI.  Early PKC-I treatment initiated 

prior to IRI caused significantly reduced up-regulation of PAI-1 expression. 

 

Figure 10: PAI-1 expression at d 1 after IRI 

Figure 10: Quantitative real-time PCR of PAI-1 at d 1 after IRI.  PAI-1 mRNA 

expression was 60 fold up-regulated by IRI (black bar).  Up-regulation of PAI-1 was 

significantly attenuated in PKC-I pre-treatment group (grey bar) compared to vehicle 

treatment group (* p < 0.05).  Data are means ± SEM (n=5 mice/group).  
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3.1.4.7 PKC-α/β inhibitor pre-treatment reduces α-SMA expression after 

stimulation by TGF-β in vitro 

Further in vitro experiments with normal rat kidney (NRK) cells were performed to 

analyze whether the PKC-I influences TGF-β induced α-SMA up-regulation.  NRK 

cells were pre-incubated for 30 min with DMSO, PKC-I and then TGF-β was added 

for stimulation.  After stimulation for 48 h, immunocytochemistry staining of 

α-SMA was performed.  Only mild α-SMA expressed in DMSO stimulated group 

(Fig. 11A).  TGF-β stimulation caused large up-regulation of α-SMA expression (Fig. 

11B).  PKC-I treatment alone did not alter α-SMA expression (Fig. 11C).  TGF-β 

induced up-regulation of α-SMA was attenuated by PKC-I treatment (Fig. 11D).  In 

addition to immunocytochemistry, Western blot analysis was performed and 

confirmed that PKC-I reduced α-SMA up-regulation (Fig. 11E).  

 

Figure 11: In vitro study of PKC-I on TGF-β induced α-SMA up-regulation. 
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Figure 11: Immunocytochemistry and Western blot of α-SMA of rat normal kidney 

cells after stimulation with TGF-β and treatment with PKC-I.  A: Control without 

stimulation and PKC-I treatment (white bar).  B: TGF-β stimulation (black bar).  C: 

PKC-I treatment (grey bar).  D: PKC-I pre-treatment reduced TGF-β induced 

α-SMA expression (striped bar).  E: Western blot with relative protein expression of 

α-SMA normalized with glyceraldehydes 3-phosphate dehydrogenase (GAPDH).  

TGF-β induced up-regulation of α-SMA protein was reduced by PKC-I pre-treatment. 
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3.1.5 PKC-α/β inhibitor pre-treatment reduces inflammation after 

IRI 

To evaluate the influence of PKC-I on inflammation after IRI, immunohistochemistry 

of F4/80 and CD4 were performed.  F4/80 is a marker of monocytes/macrophages.  

It is known that macrophage depletion attenuates inflammation and tubulointerstitial 

fibrosis after IRI, these beneficial effects are accompanied with a decrease in gene 

expression of inflammatory and profibrotic cytokines [42].  CD4 is a marker of 

T-lymphocytes.  It has been shown that depletion of CD4 positive T cells 

significantly protects from experimental renal IRI [43] [44].  Furthermore, we 

measured mRNA of chemoattractants and pro-inflammatory cytokines at d 1 after IRI.  

MCP-1 and KC which are chemoattractants for macrophages and neutrophils were 

measured.  Also, cytokines in the serum were measured 4 h after IRI by ELISA. 

 

3.1.5.1 PKC-α/β inhibitor pre-treatment reduces F4/80 positive 

monocyte/macrophage infiltration after IRI 

To investigate monocyte/macrophage infiltration at d 28 after IRI, we performed 

immunohistochemistry by staining the cryosections with the F4/80 antibody.  Only 

very few macrophages were detected in the normal control kidney (Fig. 12A).  F4/80 

positive macrophage infiltration especially in the tubulointerstitial area after IRI was 

detected in the vehicle group (Fig. 12B).  PKC-I pre-treatment significantly reduced 

the monocyte/macrophage infiltration (Fig. 12C).  In contrast, PKC-I post-treatment 

showed similar severe infiltration with F4/80 positive macrophages as the vehicle 

treated group (Fig. 12D).  Semi-quantitative scoring was used: 0=<5%, 1=5-20%, 

2=20-50%, 3=50-75%, 4=>75% of the tubulointerstitial area (Fig. 12E). 
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Figure 12: F4/80 expression at d 28 after IRI 

Figure 12: Immunohistochemistry of F4/80 positive monocytes/macrophages at d 28 

after IRI.  A: Normal controls (white bar).  B: IRI and vehicle treatment (black bar).  

C: IRI and PKC-I pre-treatment (grey bar).  D: IRI and PKC-I post-treatment 

(striped bar).  E: Semi-quantitative scoring of F4/80 in the cortex area (magnification, 

×200).  F4/80 positive monocyte/macrophage infiltration was significantly 

ameliorated in PKC-I pre-treatment group compared to vehicle treatment group (* p < 

0.05).  Data are means ± SEM (n=5 mice/group).
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3.1.5.2 PKC-α/β inhibitor pre-treatment reduces CD4 positive T-lymphocyte 

infiltration after IRI 

To investigate T-lymphocyte infiltration at d 28 after IRI, immunohistochemistry was 

performed by staining cryosections with the CD4 antibody.  In normal control 

kidneys only very few CD4 positive cells were detectable (Fig. 13A).  Severe 

infiltration of CD4 positive T-lymphocytes in the tubulointerstitial area after IRI was 

detected in the vehicle treated group (Fig. 13B).  PKC-I pre-treatment significantly 

reduced infiltration of CD4 positive cells after IRI (Fig. 13C).  In contrast, PKC-I 

post-treatment was not protective and had similar infiltration of CD4 positive 

T-lymphocytes as the vehicle treated group after IRI (Fig. 13D).  Semi-quantitative 

scoring was used: 0= <5%, 1= 5-20%, 2= 20-50%, 3= 50-75%, 4= >75% of the 

tubulointerstitial area (Fig. 13E). 
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Figure 13: CD4 expression at d 28 after IRI 

Figure 13: Immunohistochemistry of CD4 positive lymphocytes at d 28 after IRI.  A: 

Normal controls (white bar).  B: IRI and vehicle treatment (black bar).  C: IRI and 

PKC-I pre-treatment (grey bar).  D: IRI and PKC-I post-treatment (striped bar).  E: 

Semi-quantitative scoring of CD4 in the cortex area (magnification, ×200).  CD4 

positive lymphocyte infiltration was significantly reduced in PKC-I pre-treatment 

group compared to vehicle treatment group (** p < 0.01).  Data are means ± SEM 

(n=5 mice/group).
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3.1.5.3 PKC-α/β inhibitor pre-treatment does not regulate mRNA of MCP-1 and 

ICAM-1 in renal tissue at d 1 after IRI 

MCP-1 is a chemoattractant which mainly attracts macrophages into injured tissue.  

ICAM-1 is an adhesion molecule which mediates leukocyte infiltration into inflamed 

tissue.  We measured the mRNA level of MCP-1 and ICAM-1 at d 1 after IRI in the 

kidneys.  RPL13A was used as a housekeeper.  

 

Unilateral IRI resulted in a significant increase of MCP-1 at d 1 in the vehicle treated 

group.  There was a decrease of mRNA level of MCP-1 in PKC-I pre-treatment 

group which was not significant (Fig. 14A). 

 

Unilateral IRI resulted in a non significant increase of ICAM-1 at d 1 in vehicle 

treatment group.  There was a decrease of mRNA level of ICAM-1 in PKC-I 

pre-treatment group which was not significant (Fig. 14B). 

 

Figure 14: mRNA of MCP-1 and ICAM-1 in renal tissue at d 1 after IRI 

 

Figure 14: Relative mRNA expression of MCP-1 (A) and ICAM-1 (B) in renal tissue 

at d 1 after IRI.  No significant differences between vehicle and PKC-I pre-treatment 

group was present.  Data are means ± SEM (n=5 mice/group). 
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3.1.5.4 PKC-α/β inhibitor pre-treatment reduces protein level of KC, MCP-1 and 

IL-6 in the serum at 4 h after IRI 

Protein levels of the chemoattractants KC, MCP-1 and the pro-inflammatory cytokine 

IL-6 were measured by ELISA in the serum at 0, 4 and 24 h after IRI.   

 

Unilateral IRI resulted in a significant increase of the protein level of KC at 4 h after 

IRI in all groups.  However, PKC-I pre-treatment attenuated the KC increase 

significantly compared to the vehicle treatment group at 4 h.  At 24 h, KC elevation 

already decreased in all groups (Fig. 15A).  Similar kinetics for MCP-1 and IL-6 

elevation was seen with an increase at 4 h and a decrease at 24 h after IRI.  PKC-I 

pre-treatment attenuated MCP-1 (Fig. 15B) increase and the IL-6 (Fig. 15C) 

significantly compared to the vehicle treatment group at 4 h.  At 24 h both cytokines 

almost reached baseline levels. 
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Figure 15: Protein level of KC, MCP-1 and IL-6 in serum at 4 h and 24 h after IRI 

Figure 15: KC, MCP-1 and IL-6 at baseline, 4 h and 24 h after IRI measured by 

ELISA.  A: Serum protein level of KC.  B: Serum protein level of MCP-1.  C: 

Serum protein level of IL-6.  IRI and vehicle treatment is represented by black bars 

and PKC-I pre-treatment is represented by grey bars.  Serum protein level of KC, 

MCP-1 and IL-6 were significantly reduced in PKC-I pre-treatment group at 4 h after 

IRI compared to vehicle treatment group (* p < 0.05, *** p < 0.001).  Data are 

means ± SEM (n=9 mice/group). 
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3.2 Effects of PKC-α and PKC-β deficiency on hypoxia 

induced tissue damage after IRI 

Because the PKC-α/β inhibitor attenuated renal function, renal blood flow, 

tubulointerstitial fibrosis and inflammation, we wanted to further investigate the 

distinct role of PKC-α and PKC-β signaling.  Therefore, PKC-α -/- and PKC-β -/- 

mice were used for further studies.  Both knockout strains were on a 129/Sv 

background and were compared to the appropriate controls.  Renal morphology and 

collagen content were examined.  Immunohistochemistry for fibronectin and 

infiltration of CD4 positive cells were performed.  

 

3.2.1 PKC-β deficiency reduces renal damage after IRI 

Renal tissue damage at d 28 after IRI was investigated by performing the PAS 

staining on paraffin slides.  Acute tubular necrosis (ATN) was characterized by loss 

of the tubular brush border, epithelial flattening, vacuolization and epithelial cell 

detachment, tubular dilatation, tubular cast formation, pycnic tubular nuclei and loss 

of tubular nuclei.  Similar ATN was discovered in PKC-α -/- mice and 129/Sv mice 

(Fig. 16A and B).  But PKC-β -/- mice had a significant reduction in ATN (Fig. 16C).  

For ATN the following semi-quantitative scoring was used: 0= <5%, 1= 5-20%, 2= 

20-50%, 3= 50-75%, 4= >75% of the affected tubulointerstitial area in the cortex (Fig. 

16D). 

 



Results 

66 

Figure 16: Renal morphology of PKC-α -/-, PKC-β -/- and 129/Sv mice at d 28 after 

IRI (PAS stain) 

Figure 16: Renal morphology of PKC-α -/-, PKC-β -/- and 129/Sv mice at d 28 after 

IRI (PAS stain).  A: IRI of 129/Sv mice with moderate general ATN (black bar).  B: 

IRI of PKC-α -/- mice with similar ATN (white bar).  C: IRI of PKC-β -/- mice with 

milder and focal ATN (striped bar).  D: Semi-quantitative scoring of ATN in the 

cortex area (magnification ×400).  ATN was significantly ameliorated in PKC-β -/- 

mice compared to 129/Sv mice (** p < 0.01).  Data are means ± SEM (n=6 

mice/group).  
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3.2.2 PKC-β deficiency reduces Collagen I and III expression after 

IRI 

To evaluate collagen I and III expression, kidneys were harvested at d 28 after IRI.  

Paraffin sections were stained with Sirius red staining.  There was bright signal of 

collagen I and III under polarized light.  Collagen I and III expression was 

significantly up-regulated in 129/Sv mice after IRI (Fig. 17A).  Similar collagen I 

and III expression was also found in PKC-α -/- mice (Fig. 17B).  PKC-β -/- 

significantly reduced collagen I and III expression (Fig. 17C).  Quantification was 

done by taking 10 random pictures in the outer stripe of outer medulla and measuring 

the percentage of the fibrotic area with ImageJ software (Fig. 17D). 
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Figure 17: Collagen I and III expression of PKC-α -/-, PKC-β -/- and 129/Sv mice at d 

28 after IRI 

Figure 17: Collagen I and III expression of PKC-α -/-, PKC-β -/- and 129/Sv mice at d 

28 after IRI.  A: Moderate collagen I and III expression in 129/Sv mice (black bar).  

B: Similar collagen I and III expression in PKC-α -/- mice (white bar).  C: Milder 

collagen I and III expression in PKC-β -/- mice (striped bar).  D: Quantitative 

scoring of collagen I and III in the outer stripe of outer medulla area (magnification, 

×400).  Collagen I and III expression was significantly reduced in PKC-β -/- mice 

compared to 129/Sv mice (** p < 0.01).  Data are means ± SEM (n=6 mice/group). 
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3.2.3 PKC-α and PKC-β deficiency reduce fibronectin expression 

after IRI 

Fibronectin expression was evaluated by immunohistochemistry at d 28 after IRI.  

Fibronectin expression was up-regulated in 129/Sv mice (Fig. 18A), however, PKC-α 

-/- mice had significantly less fibronectin expression compared to WT mice (Fig. 18B).  

PKC-β -/- mice had even less fibronectin expression compared to WT mice (Fig. 18C).  

Semi-quantitative scoring was used: 0= <5%, 1= 5-20%, 2= 20-50%, 3= 50-75%, 

4= >75% of the affected tubulointerstitial area in the cortex (Fig. 18D). 
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Figure 18: Effects of PKC-α -/- and PKC-β -/- on fibronectin expression at d 28 after 

IRI 

Figure 18: Effects of PKC-α -/- and PKC-β -/- on fibronectin expression at d 28 after 

IRI.  A: Fibronectin expression in 129/Sv mice was up-regulated after IRI (black 

bar).  B: PKC-α -/- mice had less fibronectin expression than controls (white bar).  

C: PKC-β -/- mice had even less fibronectin expression than PKC-α -/- mice (striped 

bar).  D: Semi-quantitative scoring of fibronectin in the cortex area (magnification, 

×200).  Fibronectin expression was significantly reduced in PKC-α -/- mice 

compared to 129/Sv mice (* p < 0.01).  Fibronectin expression was more 

significantly reduced in PKC-β -/- mice compared to 129/Sv mice (*** p < 0.001).  

Data are means ± SEM (n=5 mice/group). 
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3.2.4 PKC-α deficiency reduces CD4 expression after IRI 

We studied the effects of PKC-α deficiency on infiltration of CD4 positive 

T-lymphocytes in the tubulointerstitial area at d 28 after IRI.  After IRI, infiltrating 

CD4 positive lymphocytes significantly increased in 129/Sv mice (Fig. 19A).  In 

contrast, T-lymphocyte infiltration was significantly reduced in PKC-α -/- mice (Fig. 

19B).  Semi-quantitative scoring was used: 0= <5%, 1= 5-20%, 2= 20-50%, 3= 

50-75%, 4= >75% of the tubulointerstitial area in the cortex (Fig. 19C). 
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Figure 19: Effects of PKC-α -/- on CD4 expression at d 28 after IRI 

Figure 19: Effects of PKC-α -/- on CD4 expression at d 28 after IRI.  A: WT mice 

after IRI had increased CD4 positive cell infiltration (black bar).  B: PKC-α -/- mice 

after IRI had less CD4 positive cell infiltration (white bar).  C: Semi-quantitative 

scoring of CD4 in the cortex area (magnification, ×200).  CD4 positive 

T-lymphocyte infiltration was significantly reduced in PKC-α -/- mice compared to 

129/Sv mice (* p < 0.05).  Data are means ± SEM (n=5 mice/group). 
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3.3 Results of difference between C57BL/6 and 129/Sv mice 

In our experiments, two different strains of mice were used: C57BL/6 and 129/Sv 

mice.  Since strain differences in several stress models have been reported, a 

comparison between C57BL/6 and 129/Sv in terms of susceptibility to IRI was 

performed.  We compared renal function, renal blood flow, morphology, F4/80 and 

CD4 inflammatory cell infiltration and fibrosis markers such as collagen IV, 

fibronectin and α-SMA. 

 

3.3.1 Renal function and renal blood flow were different between 

C56BL/6 and 129/Sv mice 

Renal function was studied by measuring inulin clearance (Fig. 20A) and renal blood 

flow was studied by measuring PAH clearance (Fig. 20B) in the same experiment.  

Unilateral IRI resulted in a significant decrease of GFR at d 14 and d 26 in C57BL/6 

mice.  In 129/Sv mice, there was only a slight significant decrease of GFR at d 26.  

For renal blood flow similar results were obtained.  In C57BL/6 mice unilateral IRI 

resulted in a significant decrease of RBF at d 14 and d 26 compared to baseline 

measurement.  In 129/Sv mice unilateral IRI did not reduce RBF.  
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Figure 20: Renal function and renal blood flow after IRI 

Figure 20: Renal function and renal blood flow of C57BL/6 (black bar) and 129/Sv 

(white bar) mice measured at d 14 and d 26 after IRI.  A: GFR was measured by 

inulin clearance.  B: RBF was measured by PAH clearance.  C57BL/6 mice had a 

decrease of GFR and of RBF.  In contrast, in 129/Sv GFR and RBF remained stable.  

Data are means ± SEM (n=6 mice/group).  ** p < 0.01, *** p < 0.001  d 14 or d 26 

of C57BL/6 mice vs. d 0 of C57BL/6 mice.  + p < 0.05 d 26 of 129/Sv vs. d 0 of 

129/Sv mice.  
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3.3.2 129/Sv mice had less acute tubular necrosis than C57BL/6 mice 

after IRI 

To evaluate tissue damage after acute IRI, kidneys were harvested at d 1 after IRI.  

Paraffin sections were stained with PAS and morphology was evaluated.  Acute 

tubular necrosis (ATN) was characterized by loss of the tubular brush border, 

epithelial flattening, vacuolization and epithelial cell detachment, tubular dilatation, 

tubular cast formation, pycnic tubular nuclei and loss of tubular nuclei.  IRI caused 

severe tissue damage in C57BL/6 mice (Fig. 21A).  The tubular injury in the cortex 

area was attenuated in 129/Sv mice and injury was more focal than in C57BL/6 mice 

(Fig. 21B).  For ATN the following semi-quantitative scoring was used: 0= <5%, 1= 

5-20%, 2= 20-50%, 3= 50-75%, 4= >75% of the affected tubulointerstitial area in the 

cortex (Fig. 21C). 
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Figure 21: Renal morphology between C57BL/6 and 129/Sv mice at d 1 (PAS stain) 

Figure 21: Renal morphology of C57BL/6 and 129/Sv mice at d 1 after IRI (PAS 

stain).  A: IRI of C57BL/6 mice with severe general ATN (black bar).  B: IRI of 

129/Sv mice with milder and focal ATN (white bar).  C: Semi-quantitative scoring of 

ATN in the cortex area (magnification ×400).  ATN was significantly reduced in 

129/Sv mice compared to C57BL/6 mice (*** p < 0.001).  Data are means ± SEM 

(n=6 mice/group). 
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3.3.3 Collagen I and III expression was less in 129/Sv compared to 

C57BL/6 mice 

To evaluate collagen I and III expression, kidneys were harvested at d 28 after IRI.  

Paraffin sections were stained with Sirius red staining.  There was a bright signal of 

collagen I and III expressions under polarized light.  There was large up-regulation 

of collagen I and III expression after IRI in C57BL/6 mice (Fig. 22A).  Collagen I 

and III expression was significantly less in 129/Sv (Fig. 22B) than in C57BL/6 mice.  

Quantification was done by taking 10 random pictures in the outer stripe of outer 

medulla and measuring the percentage of the fibrotic area with ImageJ software (Fig. 

22C). 
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Figure 22: Collagen I and III expression at d 28 after IRI in C57BL/6 and 129/Sv 

mice 

Figure 22: Sirius red staining of collagen I and III expressions at d 28 after IRI.  A: 

Severe up-regulation of collagen I and III in C57BL/6 mice after IRI (black bar).  B: 

Moderate collagen I and III up-regulation in 129/Sv mice after IRI (white bar).  C: 

Quantitative scoring of collagen I and III in the outer stripe of outer medulla 

(magnification, ×400).  Up-regulation of collagen I and III was significantly less in 

129/Sv mice compared to C57BL/6 mice (** p < 0.01).  Data are means ± SEM (n=6 

mice/group). 
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3.3.4 Monocyte/macrophage infiltration was less in 129/Sv compared 

to C57BL/6 mice 

IRI induces inflammatory cell infiltration.  First, we studied the infiltration of F4/80 

positive monocytes/macrophages at 28 days after unilateral IRI.  C57BL/6 mice 

showed severe monocyte/macrophage infiltration (Fig. 23A).  129/Sv mice had 

significantly reduced infiltration with F4/80 positive monocytes/macrophages (Fig. 

23B).  Semi-quantitative scoring was used: 0= <5%, 1= 5-20%, 2= 20-50%, 3= 

50-75%, 4= >75% of the tubulointerstitial area (Fig. 23C). 
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Figure 23: F4/80 expression at d 28 after IRI between C57BL/6 and 129/Sv mice 

Figure 23: F4/80 expression at d 28 after IRI in C57BL/6 and 129/Sv mice.  A: 

Severe inflammation with F4/80 positive monocytes/macrophages in C57BL/6 mice 

after IRI (black bar).  B: moderate monocyte/macrophage infiltration in 129/Sv mice 

(white bar).  C: Semi-quantitative scoring of F4/80 (magnification, ×200).  F4/80 

positive monocyte/macrophage infiltration was significantly reduced in 129/Sv mice 

compared to C57BL/6 mice (** p < 0.01).  Data are means ± SEM (n=5 mice/group). 
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3.3.5 CD4 expression was less in 129/Sv compared to C57BL/6 mice 

We studied the infiltration of CD4 positive T-lymphocytes at d 28 after IRI.  After 

IRI, infiltration of CD4 positive T-lymphocytes was significantly increased in 

C57BL/6 (Fig. 24A) compared to 129/Sv mice (Fig. 24B).  Semi-quantitative 

scoring was used: 0= <5%, 1= 5-20%, 2= 20-50%, 3= 50-75%, 4= >75% of the 

tubulointerstitial area (Fig. 24C). 

 

Figure 24: CD4 expression at d 28 after IRI in C57BL/6 and 129/Sv mice 

Figure 24: CD4 expression at d 28 after IRI.  A: Severe infiltration of CD4 positive 

T-lymphocytes in C57BL/6 mice after IRI (black bar).  B: moderate CD4 expression 

in 129/Sv mice (white bar).  C: Semi-quantitative scoring of CD4 in the cortex area 

(magnification, ×200).  CD4 positive T-lymphocyte infiltration was significantly 

reduced in 129/Sv mice compared to C57BL/6 mice (** p < 0.01).  Data are means ± 

SEM (n=5 mice/group). 
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4. Discussion 

Here we studied the long term effects of severe hypoxia in a model of transient 

unilateral ischemia reperfusion injury.  Hypoxia leads to impairment of renal 

function and renal blood flow, induces renal inflammation and renal interstitial 

fibrosis and tubular atrophy.  A new treatment strategy by using a PKC-α/β inhibitor 

(CGP 412512) to attenuate renal damage after IRI to prevent hypoxia induced 

interstitial fibrosis was evaluated.  Treatment with the PKC inhibitor was initiated 

either 3 days prior to IRI or 24 h after IRI was already established.  Further 

experiments were performed to elucidate the distinct influence of PKC-α and PKC-β 

deficiency on hypoxia induced renal damage.  And finally, we characterized the 

susceptibility of two different commonly used laboratory mouse strains C57BL/6 and 

129/Sv to hypoxia induced renal damage.  

 

4.1 Function of PKC-α/β inhibitor and PKC-α/β deficiency 

4.1.1 PKC-α/β inhibitor attenuates GFR and RBF by reducing 

peritubular capillary loss 

Prolonged IRI resulted in a marked decrease of glomerular filtration rate and renal 

blood flow at d 14 and d 26 after IRI.  Treatment with the PKC-I attenuated loss of 

GFR and RBF.  An improvement of GFR and RBF was detectable in the group 

which has been treated prior to IRI as well as in the group which received delayed 

treatment, initiated 24 h when IRI was already established. 

 

Functional as well as structural abnormalities in the renal microvasculature contribute 

to the impairment of RBF after IRI.  It has been shown that the decrease of RBF 

occurs to a greater extent in the outer medullary region of the kidney as compared to 
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the cortex.  This region is most sensitive to hypoxic injury because of the 

corticomedullary osmotic and oxygen gradient (10-15 mmHg) [45].  This contributes 

to extended cellular injury in the outer medullary region beyond the initial insult by 

promoting tissue hypoperfusion [46-47].  Post-ischemic kidneys display increased 

reactivity to vasoconstrictive agents and decreased vasodilatory responses in arterioles 

which contributes to the impairment of GFR.  Due to hypoxia, endothelial cell injury 

results in cell swelling and impairment of vascular permeability which causes 

interstitial edema and contributes to decreased RBF [48].  Furthermore, leukocyte 

activation and enhanced leukocyte-endothelial interaction promote injury and impede 

blood flow.  After IRI, endothelial cells express chemoattractants and adhesion 

molecules, which attract leukocytes to the injured tissue.  Adherence of circulating 

leukocytes to the endothelial surface can reduce RBF in the peritubular capillaries 

[49-50].  This contributes to local production of vasocontricting agents, reactive 

oxygen species and altered prostaglandin synthesis which aggravates the injury.  

Disorganization of the actin cytoskeleton has also been reported in the 

microvasculature of the kidney after ischemic insult [51] and may play a role in the 

loss of autoregulation of RBF and abnormal vascular reactivity.  Endothelial damage 

also causes a decrease of endothelial nitric oxide synthase (eNOS) which plays an 

important vasodilatory role [52-53].  Structural changes after IRI include a reduction 

of the amount of peritubular capillaries.  It has been shown that in different 

pathologic conditions e.g. glomerulonephritis, diabetes and chronic allograft 

nephropathy that a loss of peritubular capillaries precedes the development of 

tubulointerstitial fibrosis [54-58].  Similar results have been obtained in rats after 

bilateral ischemia. These rats developed a 30-50% reduction of peritubular capillaries 

within a few weeks after hypoxic injury contributing to a reduction of RBF and also 

of GFR [59].  Our results indicate the PKC-I treatment attenuated loss of peritubular 

capillaries which in part explains the improvement of RBF and GFR.  The 

underlying mechanism needs to be further evaluated. 
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Experimental data have shown that hypoxia may drive renal fibrosis by inducing 

epithelial to mensenchymal transformation and fibroblast activation [60].  Some 

studies have found that endothelial cells can also transdifferentiate into 

myofibroblasts which is mediated by TGF-β signaling [50, 61].  This further 

contributes to the loss of endothelial cells and rarefication of peritubular capillaries 

and therefore decreases RBF.  The positive effects of PKC-I might also be mediated 

by reduced TGF-β activation.  Previously, it has been shown that a selective PKC-β 

isoform inhibitor ruboxistaurin which also blocks PKC-α activation by 10-20%, 

reduced the loss of GFR in the clinical study in diabetic patients [62].  This is in line 

with our experimental findings of improved GFR after PKC-α/β inhibitor treatment.  

 

4.1.2 PKC-α/β inhibitor pre-treatment reduces tubular damage and 

inflammation after IRI 

Proximal tubular epithelial cells are especially susceptible to IRI which leads to acute 

tubular necrosis (ATN) [63].  We used ischemia reperfusion model of transient 

unilateral clamping for 45 min to cause a severe damage to the clamped kidney.  

Characteristics for ATN are apical cytoplasm vacuolization, tubular necrosis, tubular 

dilatation, epithelial cell detachment, brush border loss and basement membrane 

denudation.  ATN was more severe in the OSOM than in the cortex area which is 

due to the lower oxygen saturation (10-15 mmHg) in the OSOM [45].  At day 1 after 

IRI all groups showed ATN but at pre-treatment with the PKC-I significantly 

attenuated the tubular damage.  Delayed PKC-I treatment initiated after 24 h did not 

reduce ATN.  This result differs from the hemodynamic results showing an 

improvement of RBF also when delayed treatment was established.  

 



Discussion 

85 

Oxidative stress also contributes to ATN after IRI.  Recent studies have shown that 

PKC-β contributes to NADPH oxidase activation [64].  Neutrophils were treated 

with phorbol 12-myristate 13-acetate (PMA) to induce NADPH oxidase, this effect 

was reduced by 50% after using PKC-β-specific inhibitor or PKC-β-deficient mice.  

Inhibition of PKC-β can also reduce oxidative stress [39, 65], it has been reported that 

treatment of diabetic and nondiabetic rats with a PKC-β inhibitor (LY333531) resulted 

in attenuated increase of lipid peroxidation (oxidative stress) and leukostasis.  We 

performed TUNEL assays but surprisingly no differences among the treatment groups 

could be detected. 

 

ATN is accompanied by inflammatory cell infiltration which contributes and 

aggravates the initial injury.  Neutrophils are the first cells infiltrating the tissue after 

IRI.  Next monocytes/macrophages and lymphocytes infiltrate the tissue.  It has 

been shown that inhibition of neutrophil influx [66-68] as well as inhibition of 

macrophages [69-70] attenuate IRI.  Furthermore, contribution of T- and 

B-lymphocyte infiltration [71-74] to IR induced damage has been evaluated.  We 

found that early treatment with the PKC-I significantly reduced infiltration of 

monocytes/macrophages and CD4 positive T-lymphocytes.  Delayed treatment had 

no effect.  Similar results were found in a diabetic nephropathy rat model, PKC-β 

inhibition treatment significantly attenuated macrophage accumulation [75].  

Moreover, PKC is an important signaling enzyme in the activation and regulation of T 

lymphocytes [76].  

 

A reason for reduced cell infiltration might be less up-regulation of pro-inflammatory 

and chemoattractive cytokines.  We showed that protein levels of the 

chemoattractants KC, MCP-1 and IL-6 peaked at 4 h after IRI in the serum and 

returned to baseline at 24 h after injury.  By early treatment with the PKC-I 

up-regulation of KC, MCP-1 and IL-6 was partially blocked.  In in vitro studies 

tubular epithelial cells have been identified as a source of increased MCP-1 

production after hypoxia reoxygenation injury [77].  Some models showed that PKC 
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inhibition can reduced the production of MCP-1, ICAM-1, KC and IL-6.  It has been 

reported that blockade of PKC either using a PKC inhibitor GFX 109203X or 

depletion of PKC by preincubating mesangial cells with 100 nM PMA effectively 

inhibits high glucose induced MCP-1 protein secretion[78].  Furthermore, PKC 

inhibitors calphostin C and staurosporine reduced high glucose- or high 

mannitol-induced ICAM-1 mRNA expression [79].  Cataisson demonstrated that 

both KC and MIP-2 were PKC-α regulated through NF-θB activation [80].  Tang et 

al. found that staurosporine and PD98059 synergistically reduced the effect of high 

glucose on IL-6, CCL-2 and TGF-β expression [81]. 

 

In contrast to the serum levels the tissue levels of MCP-1 and ICAM-1 did not differ 

between groups at 24 h after IRI.  A recent study showed that chemokine expression 

after IRI has a temporal expression with different peaks in the early inflammatory (3 h) 

as well as in a late repair phase (7 days) [82].  Our divergent findings in tissue and 

serum might be explained by a time kinetic with an earlier peak than 24 h as seen in 

the serum measurements.  The optimal time point for tissue elevation of cytokines 

might have been missed in our investigation. 

 

In general the tubular epithelium has a high potential to regenerate.  About 70.000 

tubular epithelial cells replaced per hour [83].  We investigated the expression of the 

proliferation marker Ki-67.  No difference in the Ki-67 expression of the vehicle and 

PKC-I treated groups at d 1 after IRI was seen (data not shown).  This indicates that 

PKC-I treatment did not have an effect on tubular repair or regeneration at d 1 after 

IRI.  It has been shown that up-regulation of mRNA expression of Ki-67 was 

detectable at d 3 after IRI [84].  In melanoma cells it has been shown that PKC-α 

activation alters expression of Ki-67 [85].  It is possible that the time point of our 

experiment at d 1 after IRI was not suitable to discover the difference among the 

groups.  This needs to be further investigated.  
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4.1.3 PKC-α/β signaling mediates TGF-β induced fibrosis 

We have shown that severe tubulointerstitial fibrosis is a long term consequences of 

hypoxic renal injury.  Expression of extracellular matrix such as CTGF, collagen, 

fibronectin and α-SMA were strongly up-regulated at 28 days after transient ischemia.  

By early treatment with the PKC inhibitor up-regulation of collagen, fibronectin and 

α-SMA were significantly reduced.  Our in vivo results with the PKC inhibitor were 

confirmed by in vitro studies showing that TGF-β induced up-regulation of α-SMA 

was blocked by pre-treatment with PKC inhibitor. 

 

In podocytes TGF-β inducible interaction of PKC-α with the TGF-β-type-I-receptor 

(TGFRI) has been shown.  Moreover, endocytosis assays have shown that the 

TGFRI was internalized less in PKC-α -/- podocytes [86].  In an in vitro model for 

arterial remodeling adventitial fibroblasts were stimulated by TGF-β and up-regulated 

of α-SMA, PKC-α and myofibroblasts formation.  PKC inhibition reduced 

up-regulation of α-SMA [87].  Treatment of diabetic rats with a PKC-β inhibitor 

prevented an increased mRNA expression of TGF-β1 and extracellular matrix 

components such as fibronectin and alpha1 (IV) collagen in the glomeruli in parallel 

with inhibition of glomerular PKC activity [37].   

 

Another important downstream mediator of TGF-β is connective tissue growth factor 

(CTGF) which belongs to the CCN family of immediate early response genes.  

CTGF is increased in a variety of renal disease in association with scarring and 

sclerosis of renal parenchyma.  CTGF augments the production of fibronectin and 

type IV collagen in mesangial cells.  Anti-TGF-β strategies attenuate CTGF 

expression and matrix accumulation [8].  In our model CTGF expression was 

significantly reduced by early PKC-α inhibitor treatment.   
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The plasminogen activator inhibitor-1 (PAI-1) is also induced by TGF-β and regulates 

effects of plasmin [28, 88].  We could show that PAI-1 was significantly reduced at d 

1 after IRI by early treatment with the PKC inhibitor.  These findings are in line with 

previous findings that PAI-1 expression was inhibited by transfecting cells with PKC 

isoform-specific siRNA prior to the application of shear stress [89].   

 

Taken together, it has been shown in several stress models that TGF-β signaling is 

modified by activation of classical PKC isoforms.  This is in line with our data 

indicating that treatment with the PKC inhibitor reduces expression of downstream 

targets of TGF-β.   

 

Our findings with the PKC inhibitor were affirmed by the knockout studies.  PKC-β 

knockout mice had reduced fibronectin and collagen I and III up-regulation.  It is in 

line with a study showing that diabetes induction increased fibrosis in wild-type mice, 

this effect was attenuated in the diabetic PKC-β -/- mice [39].  In the PKC-α 

knockout mice we did not see a reduction of collagen expression and we assume that 

this beneficial effect was caused by PKC inhibitors is effect on the PKC-β isoform.  

However, the PKC-α knockout mice showed reduced fibronectin up-regulation and 

also markedly reduced CD4 T-lymphocyte infiltration.  We conclude that the 

beneficial effects of the PKC-α/β inhibitor have synergistic affects with contribution 

of both isoforms. 

 

4.2 Difference between C57BL/6 and 129/Sv mice 

In different stress models important strain dependent differences of disease 

susceptibility have been reported [90-96].  For acute renal IRI strain-specific 

differences have been observed among NIH Swiss, C57BL/6 and BALB/c mice [97].  

It was found that NIH Swiss mice appeared to be resistant to acute renal IRI.  After 
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renal IRI was induced by 30 min of bilateral renal pedicle clamping, renal dysfunction 

at 48 h post-ischemia was significantly less in NIH Swiss mice.  Here, we performed 

prolonged ischemia for 45 min to induce renal fibrosis.  We found differences in 

renal hemodynamics and renal function after 14 and 28 days.  The C57BL/6 mice 

had severe impairment of GFR and RBF whereas the 129/Sv mice showed only mild 

impairment of both.  129/Sv mice had a reduction of GFR about 20% within 4 weeks 

after hypoxia compared to a reduction of GFR 37% in C57BL/6 mice.  In RBF there 

was a significant decrease in the C57BL/6 mice of about 57% at d 14 and 46% at d 26.  

In contrast the 129/Sv mice did not have any impairment of RBF at that time points 

(5.5% at d 14 and 2.5% at d 26).  We did not investigate the very early effects of IRI 

on GFR and RBF.  It has been shown that severe impairment occurs within 24 h but 

recovery takes place within the first few days after IRI [98].  Further investigations 

are needed to elucidate the extent of early impairment of renal function and RBF and 

the time course of recovery after prolonged IRI in the 129/Sv mice.  129/Sv mice 

also showed reduced ATN compared to C57BL/6 mice at d 1 after IRI.  

Inflammatory cell infiltration with F4/80 positive monocytes/macrophages and CD4 

positive T-lymphocytes was significantly reduced in 129/Sv mice compared to 

C57BL/6 mice at d 28 after IRI.  Interstitial fibrosis, measured by collagen 

expression, was also reduced in 129/Sv mice at d 28 after IRI.  Our results 

demonstrated that 129/Sv mice appeared to be more resistant to renal IRI than 

C57BL/6 mice.  Genetic factors might be important for the susceptibility to hypoxic 

injury as well as for the recovery after renal IRI.  Our results show that it will be 

important for future studies to carefully choose the appropriate mouse strain for 

research on inflammation and fibrosis after hypoxia induced damage.  Results from 

IR stress models from different mouse strains have to be critically evaluated and 

might not be directly comparable.  
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5. Summary 

Ischemia reperfusion injury (IRI) as well as ureter obstruction lead to progressive 

renal fibrosis and loss of renal function.  The classical PKC isoforms PKC-α and 

PKC-β are involved in renal fibrosis in models of diabetic nephropathy.  Therefore, 

in this study we tested the efficacy of a PKC-α/β inhibitor to attenuate post-ischemic 

renal fibrosis and inflammation.  To rule out the distinct effect of each isoform 

PKC-α, PKC-β deficient mice were investigated in the IRI model.  Furthermore, 

strain-specific differences in the susceptibility to IRI of C57BL/6 and 129/Sv mice 

were elucidated. 

 

IRI was induced in male C57BL/6 mice by unilateral clamping of the left renal 

pedicle for 45 min and then releasing the clamps.  Treatment with PKC-α/β inhibitor 

(CGP 412512, 0.6 mg/day, PKC-I) was initiated either 3 days prior to ischemia or 24 

h after ischemia and continued over 28 days.  IRI in vehicle treated C57BL/6 mice 

had a significant reduction of GFR and RBF at 26 days after unilateral ischemia.  

Treatment with the PKC-I markedly improved renal function as well as renal blood 

flow.  Rarefication of peritubular capillaries and acute tubular necrosis was 

attenuated by PKC-I pre-treatment.  Unilateral ischemia caused severe renal fibrosis 

and up-regulation of α-SMA, collagen I, III and IV and fibronectin expression within 

28 days.  PKC-I pre-treatment partially blocked up-regulation of these pro-fibrotic 

proteins.  Up-regulation of CTGF and PAI-1 expression was significantly 

ameliorated by PKC-I pre-treatment.  The in vivo results were confirmed by in vitro 

studies.  TGF-β dependent up-regulation of α-SMA expression of NRK cells was 

significantly reduced by pre-treatment with the PKC-I.  Beside reduction of fibrosis, 

PKC-I pre-treatment attenuated inflammatory cell infiltration with F4/80 positive 

monocytes/macrophages and CD4 positive lymphocytes 28 days after ischemia.  

Serum protein level of the pro-inflammatory cytokines and chemoattractants KC, 

MCP-1 and IL-6 at 4 h after IRI were significantly reduced in PKC-I pre-treatment 

group.  After elucidating that the PKC inhibitor treatment attenuated progressive 
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interstitial fibrosis and tubular atrophy in the unilateral IRI model further experiments 

with PKC-α and PKC-β were performed.  PKC-β -/- mice showed improved renal 

morphology and less collagen content compared to 129/Sv mice.  IHC showed that 

fibronectin was reduced in PKC-α -/- and in PKC-β -/- mice.  CD4 positive T-cell 

infiltration was less in PKC-α -/- mice.  We conclude that both classical isoforms 

PKC-α and PKC-β contribute to TGF-β dependent tubulointerstitial fibrosis and 

tubular atrophy.  Furthermore, inhibition with the PKC-αβ inhibitor improves 

outcome after transient IRI via inhibition of TGF-β dependent pro-fibrotic signaling.   

 

Finally we compared two different laboratory mouse strains C57Bl/6 and 129/Sv for 

differences in susceptibility to IRI induced renal interstitial fibrosis.  129/Sv mice 

had better GFR and RBF, less renal damage, reduced collagen and fibronectin 

expression, and reduced infiltration of F4/80 positive monocytes/macrophages and 

CD4 positive T-cells as compared to C57BL/6 mice.  The results emphasizes that 

careful selection of the appropriate mouse strain for IRI experiments is necessary. 
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7. Abbreviations 

α alpha 

β beta 

α-SMA alpha-smooth muscle actin 

approx. approximately 

ARF acute renal failure 

ATP adenosine triphosphate 

BSA bovine serum albumin 

BUN blood urea nitrogen 

CBA cytometric bead array 

CD31 platelet endothelial cell adhesion molecule (PECAM-1) 

CD4 cluster of differentiation 4 

CTGF connective tissue growth factor 

d days 

DAPI 4’-6’diamino-2-phenylindole 

DEPC diethylpyrocarbonate 

DMSO dymethyl sulfoxide 

DNase I deoxyribonuclease I  

DTT dithiothreitol 

FCS fetal calf serum 

Fig. figure 

GAPDH glyceraldehydes 3-phosphate dehydrogenase 

GFR glomerular filtration rate 

GOD deliverable glucose oxidase 

h hours 

HK hexokinase 

ICAM-1 intercellular adhesion molecule 1 (CD54) 

IHC immunohistochemistry 

IL-6 Interleukin-6 
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IR ischemia reperfusion 

IRI ischemia reperfusion injury 

KC keratinocyte chemokine 

M mol/L 

MCP-1 monocyte chemotactic protein-1 

min minutes 

NADP nicotinamide adenine dinucleotide phosphate 

NF-θB nuclear factor-θB 

PAH para-aminohippurate 

PAI-1 plasminogen activator inhibitor-1 

PAS periodic acid-schiff 

PBS phosphate-buffered saline 

PCR polymerase chain reaction 

PFA paraformaldelyde 

PGI phosphoglucose isomerase 

PKC protein kinase C 

PKC-I protein kinase C-alpha/beta inhibitor 

PKC-I-pre protein kinase C-alpha/beta inhibitor pre-treatment 

PKC-I-post protein kinase C-alpha/beta inhibitor post-treatment 

PMA phorbol 12-myristate 13-acetate 

qPCR quantitative polymerase chain reaction 

RIPA radio immuno precipitation assay buffer 

RPL13A ribosomal protein L13A 

RT room temperature 

SDS sodium dodecyl sulfate 

sec second 

TBS tris buffered saline 

TBST tris buffered saline with polysorbate 

TEMED tetramethylethylenediamine 

TGF-β transforming growth factor-beta  
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TLR Toll-like receptor 

TNF-α tumor necrosis factors-alpha 

Tris tris (hydroxymethyl) aminomethane 

Tween 20 polysorbate 20 

vs. versus 

w week 

WT wild-type 

# number 
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