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The incidence and prevalence of end-stage renal disease (ESRD) are increasing worldwide, 
forcing growing numbers of people to start dialysis or undergo kidney transplantation (1). In 
the United States, the incidence of ESRD increased dramatically within the last decades, 
although the curve seems to have become less steep within the last years (Figure 1, gray 
bars). Data from the Netherlands indicate a parallel trend, albeit fortunately at a substantially 
lower level (www.renine.nl). The prevalence of ESRD increases steadily, mainly due to the 
aging population and the drastically reduced cardiovascular mortality (Figure 1, black bars), 
also in renal patients. Based on demographics, i.e. the ageing population and the emerging 
epidemic of type 2 diabetes mellitus, further increases in ESRD are anticipated, requiring 
substantial financial and human resources to care for these patients in the future (2). 
Together, these alarming data underline the need to develop novel powerful interventions in 
order to combat renal disease.  
Antihypertensive treatment has been the cornerstone of renoprotective intervention over the 
last decades. In addition, it was increasingly recognized that reduction of proteinuria is a 
treatment target in itself, and that blood pressure reduction could result in lowering of 
proteinuria, slowing progression of renal damage. However, although improved blood 
pressure control importantly contributed to a strong reduction of cardiovascular mortality, it 
has not prevented increasing numbers of patients to develop ESRD (Figure 1).  
 

 
Figure 1. Trends of ESRD incidence and cardiovascular mortality in the US  
Age-adjusted incidence of ESRD (gray bars) and age-adjusted cardiovascular mortality (black) over 
the last decades in the United States. ESRD data were adopted from the United States Renal 
Database System (www.usrds.org). Cardiovascular mortality data are from the Global Cardiovascular 
Infobase (www.cvdinfobase.ca); originally derived from the World Health Organization (www.who.int). 
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Furthermore, blockade of the renin-angiotensin-aldosterone system (RAAS) has been 
identified as a powerful tool to reduce proteinuria and preserve renal function in both non-
diabetic (3) and diabetic patients (4-6). Currently, angiotensin converting enzyme (ACE) 
inhibitors and AT1 receptor blockers are widely used in subjects with renal disease to delay or 
prevent development of end-stage renal disease. In animal models, RAAS blockade can even 
provide regression of renal damage (7). 
 
Yet, in spite of the availability of powerful tools such as RAAS blockade progression of renal 
function loss towards ESRD can apparently not be prevented in many patients. Improved 
RAAS blockade through dosage increase (8), combined ACE inhibition and AT1 receptor 
blockade (9), or addition of a low-salt diet (10) are advocated to provide optimal 
renoprotection, based on the response of the intermediate parameters blood pressure and 
proteinuria, and hopefully, better implementation of these measures will result in improved 
renoprotective efficacy. However, individual titration for maximal RAAS blockade is 
associated with frequent side-effects and poor tolerability (11). Moreover, although low 
sodium diet potentiates the reduction of blood pressure proteinuria by RAAS-blockade, in 
experimental studies this combination is associated with adverse renal effects in healthy and 
proteinuric rats (12). Thus, long term studies in human are required to substantiate improved 
renal outcome. Third, pre-treatment renal damage, which is often present in renal patients at 
presentation, blunts the efficacy of RAAS blockade, even when it is still mild (13). Taken 
together, it is unsure whether the currently available intervention strategies will be sufficient to 
eliminate progressive renal function loss. Novel, alternative and/or additional modes of 
intervention are therefore needed, directly targeting the pathophysiological pathways involved 
in progressive renal structural damage. Better insights into the molecular mechanisms of 
progressive renal damage can be a powerful tool to identify novel targets for intervention.  
 
In progressive renal disease, angiotensin II (AngII) plays a central role, not only through its 
effect on vascular tone, but also as a growth factor and a pro-inflammatory mediator. In 
response to tissue damage, renal levels of AngII increase and may up-regulate the 
expression of other factors such as transforming growth factor-β1 (TGF-β1), tumor necrosis 

factor-α (TNF-α), osteopontin, and vascular cell adhesion molecule-1 (VCAM-1), in order to 
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repair tissue damage (14). If increased renal levels of AngII are sustained, these repair 
mechanisms can be deranged and result in renal inflammation and fibrosis. The currently 
available interventions in renal disease (e.g. ACE inhibitors, AT1 receptor antagonists) 
predominantly act through drug-target interactions at extracellular (or receptor) level. This 
thesis investigates whether intracellular signaling molecules are suitable targets in renal 
disease. At the cellular level, the expression of chemokines, cytokines, adhesion molecules 
and matrix proteins in response to, for example, binding of AngII to the AT1 receptor, is 
regulated by complex networks of signal transduction molecules (Figure 2). As such, 
intracellular signal transduction molecules are messengers that concertedly regulate cellular 
actions such as proliferation, chemoattraction or matrix production, in response to 
extracellular stimuli. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Diagram illustrating intracellular protein kinase signaling  
Protein kinases, e.g. MAP kinases, can be activated by a stimulus (e.g. receptor binding). Upon 
activation, protein kinases can be transported to the nucleus or interact locally with cytoplasmic 
proteins. In the nucleus, activated kinases phosphorylate (i.e. activate) various transcription factors, 
resulting in modulation of gene expression (associated with proliferation, apoptosis, inflammation etc). 
The arrows indicate the various levels of intervention in renal disease: ACE inhibitors reduce formation 
of angiotensin II, AT1 receptor blockers reduce binding of angiotensin II to the AT1 receptor, and 
protein kinase inhibitors reduce intracellular signaling downstream of the AT1 receptor. 
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Protein kinase signaling in the kidney 
 
This thesis will focus on the role of protein kinases, an extensive and diverse group of signal 
transduction molecules, in renal disease. Protein kinases are crucial to many physiological 
functions of the normal cell, however increased activity of various protein kinases has been 
associated with pathological mechanisms such as inflammation and fibrosis (15). Through 
activation of transcription factors, protein kinases regulate the expression of a large number 
of genes (Figure 2), which can have either beneficial or detrimental effects. We hypothesized 
that modulation of the activity of specific kinases would reduce expression of 
pathophysiologically relevant genes, and hence, renal damage. 
 
Protein kinases are intracellular signal transduction enzymes that can attach a phosphate 
group to target proteins, using kinetic energy (therefore termed “kinases”). Their main function 
is to connect cell-surface receptor signals to intracellular effects such as modulation of gene 
expression (Figure 2) (16). Protein kinases can be activated by a wide range of events such 
as receptor ligation (e.g. AngII – AT1 receptor), hormones, cytokines, or various types of 
stress. Interestingly, protein kinases display specificity towards their substrates, although 
strictness of specificity may vary per kinase. Substrate phosphorylation may result in altered 
enzymatic activity of the target protein, affecting its interactions with other proteins, cellular 
location, or degradability by proteases. Target proteins include other protein kinases, 
phospholipases, transcription factors, and cytoskeletal proteins (17). 
 
One of the best-defined groups of protein kinases is the mitogen-activated protein (MAP) 
kinase superfamily, consisting of p38 MAP kinase, extracellular signal-regulated kinase (ERK) 
and c-Jun N-terminal kinase (JNK) (Figure 3). MAP kinases are expressed in normal cells 
since they are involved in various physiological cellular processes such as proliferation or cell 
growth. Moreover, since MAP kinases are also operative downstream of the AT1 receptor, 
they may play a role in the renal effects of AngII. AngII, but also growth factors such as TGF-

β are able to activate p38, ERK and JNK in various renal and non-renal cell types, modulating 

expression of genes involved in inflammation and proliferation through activation of 
transcription factors (e.g. c-Jun) (Figure 3). Vice versa, increased expression of inflammatory  
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Figure 3. Overview of mitogen-activated protein (MAP) kinase signaling cascades 
Many different types of receptors are able to induce MAP kinase activation through activation (i.e. 
phosphorylation) of MAP kinase kinase kinases, which activate MAP kinase kinases, activating in turn 
MAP kinases. Downstream of MAP kinases, the actual regulation of gene expression mainly occurs 
through the activation of transcription factors by MAP kinases. 
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damage, and inhibition of MAP kinase activation is renoprotective in models of inflammatory 
and fibrotic renal disease (15). 
In human renal disease, MAP kinases p38 and ERK are strongly activated compared with 
normal renal tissue, and their activities correlated to parameters of renal injury (18;19). 
However, it is unknown whether activation of the MAP kinase JNK or its downstream 
transcription factor c-Jun is also associated with human renal disease.  
 
Thus, intracellular protein kinase signaling may be a target to reduce inflammatory and fibrotic 
renal damage. Whereas recent studies indicate that inhibition of p38 MAP kinase or ERK can 
indeed ameliorate inflammatory and/or fibrotic renal injury (20;21), their role in AngII-mediated 
renal damage is unclear. Furthermore, little is known about the role of the JNK pathway in 
renal disease.  
 
 

Aim and scope of the thesis 
 
The overall aim of this thesis is to address the role of protein kinases in progressive renal 
damage. To this purpose, the first part of this thesis focuses on the identification of protein 
kinases that may be involved in renal damage (Part I: Activation of protein kinase in renal 
disease). Chapter 2 presents an overview of the various functions of MAP kinases, their 
inducers and targets in vitro and in vivo, and the identified associations with renal damage in 
patients. Like most protein kinase pathways, MAP kinase pathways are very complex, since 
cross-talk is common. Thus, by studying the role of a single pathway in renal disease, the 
complexity of kinase signaling pathways is underestimated. Novel technologies to study 
multiple kinases activities simultaneously may provide more insight in the complex 
mechanisms of protein kinase signaling. 
We have used such a novel technique, namely a kinase array which has been developed to 
simultaneously study kinase activities of over 1100 kinases (chapter 3). Thus far, this 
technology has only been used in cell culture studies in single cell type systems. We used 
this kinase array to study the activities of a large number of kinases (the “kinome”) in renal 
cortical tissue. We applied this novel technology to renal tissue from the homozygous Ren2 
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model, a renin transgene rat model with Sprague Dawley background, characterized by 
angiotensin II-mediated renal damage. We compared the kinome profile of untreated Ren2 
rats to both untreated Sprague Dawley control rats and Ren2 treated with an ACE inhibitor. In 
this manner, we tested whether our kinase array could detect protein kinases relevant to renal 
damage within our experimental model. 
 
By arraying techniques, protein kinases activities can be associated with the degree of renal 
damage and thus candidate protein kinases can be selected. However, specific inhibition is 
required to establish whether a given protein kinase is actually involved in renal 
pathophysiology. The studies described in the second part of this thesis (Part II: Mitogen-
activated protein kinase inhibition in renal disease) include interventions at several levels 
and in various in vivo and in vitro experimental settings relevant to renal damage. Since p38 
MAP kinase was identified by the kinase array as potentially involved in AngII-mediated renal 
damage, and since MAP kinases are operative downstream of the AT1 receptor, we treated 
Ren2 rats, characterized by AngII-mediated glomerular and tubulointerstitial damage, with 
specific MAP kinase inhibitors. 
First, we questioned whether p38 or ERK blockade would be able to reduce glomerular 
damage in the Ren2 model (chapter 4). To this extent, we quantified mesangial matrix 

expansion, but also subtle markers of mesangial (α-smooth muscle actin, SMA expression) 

or podocyte (desmin expression) injury in Ren2 (untreated and treated with p38 or ERK 
inhibitor) and control rats. Next, we studied effects of MAP kinase inhibition on 
tubulointerstitial damage in the same model (chapter 5). The effects of specific p38 inhibition 
on tubulointerstitial fibrosis and subtle markers interstitial SMA, osteopontin and Kim-1 
(Kidney Injury Molecule-1), a recently identified marker of tubular injury, were investigated. 
We hypothesized that intervention with a p38 MAP kinase inhibitor would reduce tubular 
epithelial cell injury and tubulointerstitial fibrosis. 
 
Whereas the role of p38 and ERK in renal damage has been subject of various studies, less 
is known about the third MAP kinase family member JNK (c-Jun N-terminal kinase) in renal 
disease. In non-renal cell types, JNK mediates expression of monocyte chemoattractant 
protein-1 (MCP-1), underlining its advocated role in inflammation. We addressed the question 
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whether JNK is involved in renal tubular MCP-1 expression and, subsequently, interstitial 
macrophage accumulation (chapter 6). This was studied in cultured tubular epithelial cells 
and in vivo. The renal expression of activated JNK and c-Jun, an important downstream 
transcription factor activated by JNK, was determined over time in the unilateral 
ischemia/reperfusion model, a model of tubular injury accompanied by interstitial macrophage 
accumulation. Furthermore, we intervened with a specific JNK inhibitor in the same model 
and studied its effect on renal MCP-1 expression and interstitial macrophage accumulation. 
Finally, we hypothesized that the numbers of tubular cells expressing activated JNK (pJNK) 
would be associated with renal macrophage accumulation and other parameters of renal 
damage in human renal disease.  
In a separate study, we questioned whether renal activation of the transcription factor c-Jun, a 
major substrate of JNK would be associated with the severity of renal injury in patients 
(chapter 7). We studied the expression of activated c-Jun (pc-Jun) in biopsies from patients 
with various renal diseases and correlated this with parameters of renal disease including 
estimated glomerular filtration rate (eGFR), histopathological parameters such as focal 
glomerulosclerosis, and renal macrophage accumulation. In addition, we performed in vitro 
studies to investigate whether upstream inhibition of c-Jun activation would affect expression 
of inflammatory and fibrotic genes. 
 
Results from the above studies will be summarized and its implications will be discussed in 
chapter 8. Furthermore, this chapter will provide directions for future studies on the role of 
protein kinase signaling in renal disease. 
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Abstract 
 
Mitogen activated protein kinases (MAPKs) are intracellular signal transduction molecules, 
which connect cell-surface receptor signals to intracellular processes. MAPKs regulate a 
range of cellular activities including cell proliferation, gene expression, apoptosis, cell 
differentiation and cytokine production. The MAPK superfamily consists of at least four 
families: extracellular signal-regulated kinase (ERK), p38 MAPK, Jun-NH2-terminal kinase 
(JNK), and ERK5. Each of these families exerts particular downstream effects, although 
interactions have been described.  
MAPK activity is present in the normal kidney. Moreover, in various types of renal disease, 
renal MAPK expression is increased. Interventions that provide renoprotection, such as ACE 
inhibition or statin therapy, may reduce renal MAPK expression, suggesting that increased 
renal MAPK expression is involved in the pathophysiology of renal damage. Studies using 
specific MAPK inhibitors have been used to further elucidate this role.  
This review gives an overview of available in vitro data on MAPK activation (focussed on 
renal cell types), and describes MAPK localization and possible functions in the normal and 
diseased kidney in man, and in experimental renal disease. Studies reporting the effect of 
conventional renoprotective intervention on renal MAPK expression are reviewed, as well as 
the available data on specific MAPK inhibition, both in the clinical and experimental setting. 
The available data appear to support the potential of MAPK inhibition as a novel intervention 
strategy in renal disease, but future clinical studies are needed to substantiate this 
assumption, and to establish its safety. 
 
 

Introduction 
 
Mitogen activated protein kinases (MAPKs) are intracellular signal transduction molecules: 
enzymes that connect cell-surface receptor signals to intracellular effects such as gene 
modulation (1). They can covalently attach phosphate to the side chain of either serine or 
threonine amino acid of specific proteins inside cells. This process of phosphorylation results 
in changes in the enzymatic activity of the target protein, altering its interactions with other 
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proteins, its cellular location, or its degradability by proteases. Target proteins include other 
protein kinases, phospholipases, transcription factors, and cytoskeletal proteins (2). In this 
manner, MAPKs can regulate a range of cellular activities, including cell proliferation, gene 
expression, apoptosis, cell differentiation and cytokine production.  
The MAPK superfamily consists of at least four broad families, namely extracellular signal-
regulated kinase (ERK), p38 MAPK, Jun-NH2-terminal kinase (JNK), and ERK5 (or big MAPK 
1, BMK-1) (3-8). MAPKs regulate many cellular processes, from gene expression to cell 
death (9).  Thus, inappropriate MAPK activation could affect cellular function, and may result 
in cell death, and, ultimately, clinical disease. Whereas MAPK expression is altered in many 
types of disease, e.g. renal disease, it is not always clear whether MAPKs play a causal role 
in its initiation and progression. 
 

Figure 1. Overview of cellular MAPK activation 
Schematic representation of how a stimulus can result in MAPK activation (phosphorylation). In turn, 
MAPK activation can activate transcription factors or other factors, for example in the cytoplasm. This 
results in cellular actions, e.g. cytokine release, proliferation or apoptosis. Details of this figure are 
shown in Tables (1-4). See page 181 for full color image. 
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We will summarize current knowledge on the main functions of MAPKs, and focus on the 
relevance of these molecules to renal physiology and pathophysiology in vitro, in animal 
models and in man. Moreover, we will address recent developments in MAPK inhibition, both 
in the experimental and in the clinical setting. 
 
  

MAPK pathways: structure and functions 
 
General principles of MAPK pathways 
A schematic representation of the concept of MAPK signaling, including activation of 
downstream factors, and putative resulting cellular actions, is given in Figure 1. Figure 2 
shows an overview of the main extracellular stimuli that lead to MAPK activation, and a 
number of currently known responses to MAPK activation. Currently available data on MAPK-
activating stimuli relevant in renal cells are summarized in Table 1. As shown in this table, 
each of the MAPKs can be activated by a diverse and extensive number of stimuli, including 
growth factors, cytokines, and various aspecific stressors (irradiation, osmotic stress, 
oxidative stress etc).  
MAPK activation pathways consist of three basic components (“modules”), including MAPKs, 
MAPK kinases and MAPK kinase kinases, which are conserved from yeast to humans (Table 
2). MAPKs are activated by MAPK kinases (MAPKKs, MKKs, or MEKs). The MAPKKs are 
dual-specificity kinases that recognize and phosphorylate a Thr-X-Tyr motif in the activation 
loop of MAPK (10). MAPKKs can, in turn, be activated by MAPK kinase kinases (MAPKKKs, 
MKKKs or MEKKs) (11,12). MAPKs can be inhibited by negative feedback loops (e.g. ERK -> 
Raf1), and by protein kinase phosphatases. The latter include MKP1-7, PAC1, M3/6, VHR, 
B23 (13-17). These phosphatases can reverse MAPK activation by dephosphorylation at the 
Thr(P)-Glu-Tyr(P) activation motif (18). 
MAPK cascades can activate various other signaling pathways (Table 3) by activating 
transcription factors or effects on cytoplasmic proteins. Although function and relevance for 
the development of renal disease are yet unclear for many of the MAPK effectors, the 
downstream part of MAPK pathways are relevant in vivo, as demonstrated by MAPK 
inhibition in numerous animal models (addressed below).   
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Moreover, as shown in Table 4, MAPKs mediate multiple cellular actions, e.g. proliferation, 
apoptosis, and cell growth. Therefore, it is relevant to study mechanisms downstream of 
MAPK. Because of their specific properties, the various MAPK pathways will be separately 
addressed below. Cellular physiology of both yeast and mammalian MAPK pathways is 
extensively reviewed by Widmann et al in ref (19). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Overview of factors and processes that are up- and downstream of MAPK activation 
Extracellular stress, including hyperglycaemia, oxidative stress and growth factors all contribute to 
MAPK activation. This in turn may lead to the activation of further growth factors and production of 
cytokines, increased extracellular matrix (ECM) accumulation, proliferation or apoptosis. 
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The ERK pathway 
 
Table 1 shows that in renal cells, a large number of stimuli can activate ERK. In most renal 
cell types, growth factors are important activators of ERK. However, also a broad number of 
other factors including high glucose, NO, LPS, and mechanical stress are ERK activators. 
ERK1/2 can be activated by different types of receptors, including receptor tyrosine kinases 
and G protein-coupled receptors (Table 2), see also ref (19-21). In the MAPK cascade, ERKs 
are activated by MAP/ERK Kinase 1 (MEK1) and MEK2, which are in turn activated by the 
Ras/Raf pathway. ERK1/2 can phosphorylate Raf1, inhibiting its activity (22). In this manner, 
the ERK pathway shows a classical negative feedback loop. Moreover, ERK can be 
inactivated by protein kinase phosphatases. MAPK phosphatase (MKP)-2, 3, and 4 are 
probably the protein kinase phosphatases most selective for ERK, although other 
phosphatases including MKP-1 and PAC1 also inactivate ERK, but in a less selective manner 
(16,17,23).  
Effectors of activated ERK mainly include transcription factors (e.g. Elk-1, Ets 1, STATs), but 
also cytoplasmic proteins (see Table 3). As for MAPKKKs (see above), there is evidence of 
cross-reactivity in downstream MAPK pathways, for example Elk-1, which can be activated by 
ERK, p38, and JNK (24-26). ERK signaling has been implicated in mitogenesis and cell 
differentiation. ERK1/2 stimulates DNA synthesis through phosphorylation of carbamoyl 
phosphate synthase, a rate-limiting enzyme in pyrimidine nucleotide biosynthesis (27). 
Moreover, the ERKs can promote cell-cycle progression by inactivating MYT1, a cell-cycle 
inhibitory kinase, but arrest meiotic cells at metaphase II by activating a cytostatic factor (28-
30). Via activator protein-1 (AP-1) and cyclin D1 induction, ERKs can also stimulate cell 
proliferation indirectly (31). Furthermore, ERK activation results in eicosanoid production, and 
is therefore involved in the synthesis of prostaglandins and leukotrienes, in the presence of 
inducible cyclo-oxygenase-2 (32). 

 

Table 1. Stimuli inducing MAPK activation in renal cells in vitro (previous page) 
Detailed overview of a number of stimuli that can activate MAPKs. Activation of MAPKs is indicated per 
stimulus, the cell type in which activation has been described is also mentioned. Bold data represent 
stimuli that can activate more than one MAPK. Cell types: E = endothelial cells, M = mesangial cells, P 
= podocytes, T = tubular epithelial cells, V = vascular smooth muscle cells. 
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The JNK pathway 
 
Cellular stress forms the most important activator of JNK, also known as stress-activated 
protein kinase (SAPK). The processes by which the various types of stress result in activation 
of JNK are unclear as the exact stress sensors and their regulation mechanisms remain 
merely unidentified. There is a diverse number of other factors that can activate JNK including 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2. MAPK activation cascades 
Schematic representation of MAPK activation by its kinases and kinase kinases. Also, the respective 
receptors that lead to its activation are shown per MAPK pathway.  
TCR = T cell receptor, BCR = B cell receptor, GPCRs = G-protein coupled receptors, TKRs = tyrosine 
kinase receptors, EGF-R = epithelial growth factor receptor, PDGF-R = platelet-derived growth factor 
receptor, MEKK = MKKK = MAPK kinase kinase, MEK = MKK = MAPK kinase, TNF-R = tumor 
necrosis factor-receptor, IgE-R = immunoglobulin E-receptor. 

ERK1/2

MEK1

MEK2

Raf-1, A-Raf, 
MEKK1-3, 

B-Raf, Mos, 
Tpl-2 

MKK4

MKK7

JNK1/2/3

MKK3

MKK6

p38α/β/γ/δ

MEK5

ERK5

MEKK1-3, 
MEKK4, TAK1, 

ASK1, MUK, Tpl-
2, SPRK, MST 

TAK1, ASK1, 
SPRK, PAK 

MEKK2,
MEKK3 

Cytokine receptors 
(e.g. TCR, CD28, 

BCR), GPCRs, TKRs 
(e.g. EGF-R, PDGF-R, 

insulin-R), integrin 
clustering 

TKRs, GPCRs, 
cytokine receptor 

TNF-R, GPCRs, TKR, 
cytokine receptors 
(e.g. TCR+CD28), 

IgE-R 
TKRs 

 MKKKs

MKKs

MAPKs

Receptors
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growth factors, cytokines and apoptotic factors (Table 1). JNKs undergo MKK-mediated dual 
phosphorylation on threonine and tyrosine of the Thr-X-Tyr activation motif. As shown in 
Table 2, MKK4 and MKK7 are the MKKs specific for JNK activation. JNK can be inactivated 
by various aspecific protein kinase dephosphatases, and selectively by M3/6 (16,33). 
Moreover, JNK activation can be inhibited by JIP-1 and NF-kappaB (34,35). 
 
 

  ERK JNK p38 ERK5 
     

Transcription factors (directly)    
 Elk-1 Elk-1 Elk-1 MEFC2 
 ATF-2 ATF-2 ATF-2  
 SAP-1  c-Jun SAP-1  
 STATs  p53 c-Jun  
 GATA4 DPC4 MEF2C  
 Ets1  NFAT4 Chop  
 c-Myc  NF-kappaB? Max  
 Tal    
 P300/CBP     
 Myb (inhibition)    
 UBF    
          
          

Cytoplasmic proteins    
 p90rsk S6 kinase Unknown MSK 1/2 c-Jun (via MEFC2) 
   c-Jun (via p90rsk)    CREB  
   c-Fos (via p90rsk)    NF-kappaB  
   AP-1 (via p90rsk)    ATF1  
 cytosolic phospholipase A2    Histone H3  
 MAP-1,-2,-4, Tau  MNK  
 EGF receptor    elF4E  
 Sos  MAPKAPK-2/3  
 Raf1 (inhibition)    HSP-27  
 Mek1 (inhibition)    TTP  
     SRF  
   PRAK  
     
          

Table 3. Downstream activation of transcription factors and other proteins by MAPKs 
Substrates of MAPKs are shown, including transcription factors and cytoplasmic proteins. Bold factors 
indicate factors that can be activated by more than one MAPK. For JNK, only transcription factors are 
known at this time. Indentation represents expression or activation by the previously mentioned factor, 
e.g. ERK can activate transcription factors c-Jun, c-Fos, and AP-1 via activation of the cytoplasmic 
p90RSK S6 kinase. 
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Thus far, only transcription factors are known substrates of JNK activation (listed in Table 3). 
JNK binds to and phosphorylates the DNA binding protein c-Jun and increases its 
transcriptional activity, without affecting DNA binding (36). c-Jun is a component of the AP-1 
transcription complex, which is an important regulator of gene expression. AP-1 contributes to 
the control of many cytokine genes and is activated in response to environmental stress, 
radiation, and growth factors - all stimuli that activate JNKs (2). JNK can induce apoptosis, 
probably by activation of transcription factors like c-Jun and DPC4, although the exact 
mechanisms are unclear (19,37). JNK activation may be relevant in maintaining the integrity 
of the cytoskeleton, as shown in intestinal epithelial cells (38). 
 
 

ERK JNK p38 ERK5 

Eicosanoid 
production  Apoptosis Cell growth 

Endothelial 
function 

  Arachidonic acid 
Microtubule 
assembly   Alpha-skeletal actin Vascular integrity 

    PGs, leukotrienes Insuline resistance   Sarcomeric organisation  
ECM production Cytokine production Cytokine production:  
  TGF-beta 
production   IL-12, RANTES   IL-1, IL-2, IL-6,  
Cell proliferation Cell proliferation   TNF-alpha  
  CPS  Apoptosis  
  MYT1 (inhibition)    Fas-induced apoptosis  
  Cyclin D1  Cell proliferation  
    IL-7  
  Others  
    COX-2  
    iNOS  
    VCAM-1   
    ANP/BNP gene induction  

 

Table 4. Processes mediated by MAPK activation 
This table provides an overview of MAPK-specific downstream cellular effects.  
ECM = extracellular matrix, CPS = carbamoyl phosphate synthase, RANTES = Regulated on 
Activation Normal T-cells Expressed and Secreted, COX-2 = cyclo-oxygenase-2, iNOS = inducible NO 
synthase, VCAM-1 = vascular cell adhesion molecule-1, ANP = atrial natriuretic peptide, BNP = brain 
natriuretic peptide. 
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The p38 pathway 
 
Table 1 shows a number of stimuli that are able to activate p38, however, many more studies 
have been done to identify p38-stimulating factors, almost all in vitro; as reviewed recently 
(also in non-renal cells) by Ono et al(39). Stress factors have been demonstrated to be 
important p38 stimuli in vitro, but inflammatory cytokines and growth factors are also 
important p38 MAPK activators (Table 1) (40,41). Apparently, p38 plays a role in inflammation 
and cell growth and development. Indeed, p38 is abundantly expressed during rat kidney 
growth and nephrogenesis(42). All four p38 MAPK isoforms are activated by MKK3, whereas 

MKK6 preferentially activates p38α, γ, and δ isoforms (Table 2). Activation of p38 MAPK is 

preferentially inhibited by MKP-1, MKP-5, MKP-7 and M3/6, where the MKPs only inactivate 

p38α and p38β (13,16,33,42).  
Effectors of p38 include both transcription factors (ATF-2, Elk-1, Chop, Max, MEF2C) and 
enzymes (e.g. MAPKAP kinase-2 and -3) (43). Moreover, p38 activation stabilizes certain 
mRNA strains (for example COX-2) (44,45). By selective inhibition, it has been elucidated that 
p38 regulates many different genes expressing cytokines, transcription factors, and cell 
surface receptors. Downstream effects of p38 include inflammation: production of 

proinflammatory cytokines (e.g. IL-1β, TNF-α and IL-6), modulation of extracellular matrix, 
expression of intracellular enzymes such as iNOS, and the production of adhesion molecules 
such as VCAM-1 (46-48). The role of p38 in apoptosis is not clear; it is dependent on cell type 
and stimulus. In tubular epithelial cells, angiotensin II induces apoptosis via p38 (49). MKK3 
and MKK6 knockouts resulted in reduced p38 activation and increased tumorigenesis, 
suggesting an important role in cellular proliferation (50). Indeed, through cyclin D1 
expression, p38 is involved cell cycle progression and proliferation (51). Cells arrested in M 
phase demonstrate p38 activation (52). Finally, p38 MAPK plays a role in hypertrophy and 
cell differentiation in a number of cell types (53,54).  
 
The ERK5 pathway 
 
The ERK5 (also known as big MAPK1, BMK1) pathway is by far the least known mammalian 
MAPK pathway. ERK5 and MEK5 (its upstream kinase) are activated by MEKK2 or MEKK3, 
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as shown in Table 2 (55-57). A recent review on ERK5 supplies an overview of its activators; 

these include mainly stress signals, and a number of growth factors (EGF, NGF, VEGF) (58). 

Moreover, it has been demonstrated that in renal glomerular mesangium, high glucose 
activates ERK5 both in vivo and in vitro (59). The activation of ERK5 induces its translocation 
to the nucleus, where it can activate transcription factors including MEF2C, inducing c-Jun 
expression (60). Genetic ablation of ERK5 in mice leads to embryonic lethality, however 
Hayashi et al created a ERK5 conditional mutation in mice in which disruption of the ERK5 
gene was under the control of the inducible Mx1-Cre transgene. The authors concluded that 
ERK5 is essential for endothelial function and for maintaining blood vessel integrity (61). 

 
 
MAPK activation in the rat kidney 
 
MAPKs in the healthy rat kidney 
 
In the normal adult rat kidney, ERK is expressed in the distal tubules, collecting ducts, and 
podocytes. Phosphorylated ERK has been demonstrated in occasional distal tubules and 
collecting ducts of normal rats (62). In healthy adult rats, JNK is abundantly present and 
located in tubular cells and podocytes (42). Stambe et al describe phosphorylated JNK in the 
glomerulus of normal rats, specifically in podocytes and epithelial cells of Bowman’s capsule; 
moreover, most of the cortical tubuli contain pJNK-positive epithelial cells (63). Stambe et al 
describe that pp38-positive cells can be found at the same locations as pJNK, however, two 
other papers report that in the normal rat kidney, there is neither unphosphorylated nor active 
p38 present in the normal adult rat kidney (62-64). Interestingly, p38 activation is involved in 
COX-2 production in the renal macula densa in response to changes in tubular sodium 
concentration (65). These findings underline the relevance of MAPK signaling in renal 
physiology. 
As mentioned, MAP kinases play an important role in numerous pivotal biological processes 
such as proliferation, differentiation, extracellular matrix production, and apoptosis. Recent 
studies reported that during rat renal development, when cell turnover is high, p38 and ERK 
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are over-expressed and highly activated, whereas pJNK is slightly detectable in embryos 
(64). Oppositely, in the adult kidney, where cell turnover is only 0.01%, expression of p38 and 
ERK is low, while JNK is abundantly present and activated (66). Exposure of rat metanephroi 
cultured from 15-day-old embryos to the ERK 1/2 and p38 inhibitors PD98059 and 
SB203580, respectively, demonstrates that growth and nephrogenesis require p38, while 
ERK is important in tubulo-nephrogenesis (67).    
 

 Activated MAPK Time of increased 
expression 

Effect of specific blockade Ref 

           
     

Glomerulonephritis    
 p38 Early (2 hrs post-induction) Reduced UP, glomerular neutrophil 

accumulation, MCP-1 
[63,89] 

 ERK Later (> 6 days) Reduced # of mitotic figures, total # 
of glomerular cells 

[74] 

 JNK Later 75% reduced UP, 70% reduced 
glomerular cell proliferation 

[92] 

     

Diabetic nephropathy    
 p38 Early, decline after 4 

months 
Unknown [76,225,247] 

 ERK Unknown Unknown [75,214] 
     

Hypertensive renal damage   
 p38 Unknown Reduced glomerular desmin, 

interstitial SMA expression, MME 
[102] 

 ERK >7 wks in dTGR rats Reduced glomerular desmin, 
interstitial SMA expression 

[80,102] 

 JNK >10 wk high sodium diet Unknown [79,80] 
     

Unilateral ureteral obstruction   
 p38 6 hrs - >7 days post-ligation Reduced interstitial fibrosis and 

collagen IV  
[88] 

 ERK peaks at <30 min, 4 and 7 d Unknown [248] 
     

Remnant kidney    
 p38 9 wks Increased UP, tubular dilation, 

infiltration of ED-1+ cells, 
proliferation, tubulointerstitial fibrosis 

[93] 

Table 5. Overview of in vivo data on MAPK activation and effects of pharmacological inhibition 
in experimental renal disease 
Overview of currently available data on MAPK activation in experimental renal disease and the 
reported effect of specific pharmacological MAPK blockade. UP = proteinuria, SMA = smooth muscle 
actin, MME = mesangial matrix expansion. 
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Together, these findings support the concept that ERK and p38 are involved in cell growth, 
proliferation, and differentiation. It is likely that JNK, known to play a role in apoptosis and 
responses to extracellular stress, plays a role in maintaining cellular homeostasis in the 
(adult) physiological situation. 
Many of the stimuli that are able to activate the MAPK pathways have been implicated in 
renal disease (reviewed in (68-71)). Moreover, many of the MAPK substrates are associated 
with renal disease. However, little is known about the exact functions and the relevance of 
these pathways in vivo. Nevertheless, a number of studies in experimental renal disease 
support a role for MAPK in renal disease. 

 
 
MAPKs in experimental renal disease 
 
MAPK activation has been demonstrated in numerous models of experimental renal disease. 
Moreover, specific MAPK inhibitors have been administered to animals in order to specifically 
study their effect in a given model. An overview of recent findings is presented in Table 5; 
renal expression and activation of MAPKs in a number of models of renal damage as well as 
effects of pharmacological intervention will be addressed in this paragraph. 
 
Renal expression and activation 

Glomerulonephritis. In anti-glomerular basement membrane (GBM) glomerulonephritis and 
anti-Thy 1.1 experimental model of mesangioproliferative glomerulonephritis, ERK 1/2 and 
JNK are activated during the later proliferative stage of the disease, whereas p38 is activated 
early  (2 hours post anti-Thy 1.1. antibody injection) in the disease (72-74).  More recent 
studies have shown that in inflammatory renal diseases, such as crescentic 
glomerulonephritis, a marked increase in p38 activation is observed in glomerular endothelial 
cells and neutrophils as early as 3 hours after the induction of the disease (63).  In 
progressive anti-GBM disease, p38 and JNK are activated within podocytes, glomerular 
endothelial cells and infiltrating macrophages, highlighting the importance of these signaling 
molecules in inflammation (63). 
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Diabetic nephropathy. In the glomeruli of streptozocin-induced diabetic rats, a model of type I 
diabetes, ERK 1/2 activation is increased (75).  This increase in ERK 1/2 activation is thought 
to regulate cellular growth.  Hyperosmolarity and oxidative stress are features of diabetic 
nephropathy; this has led investigators to postulate that p38 mediates some of the 
complications of diabetic nephropathy.  Indeed, activation of p38 has been observed in the 
glomeruli of early diabetic rats (76).  One and two months post-streptozotocin, p38 activity is 
increased in the glomeruli of diabetic rats compared to controls, however, this decreased to 
control levels following four months of diabetes.  The same pattern of activity was observed 
for the upstream kinase activators of p38, MKK3/6 (76).  Although it was observed that during 
the same time course there was an increase in extracellular matrix and hypercellularity, the 
investigators were not able to conclude that there was a clear association between p38 
activation and features of diabetic nephropathy. Studies have also been conducted in models 
of Type II diabetes, including the db/db mouse and the Otsuka Long Evans Tokushima Fatty 
(OLETF) rats (59,77).  An upregulation in ERK 1/2 and ERK5 has been observed in the 
glomeruli of the diabetic rats, suggesting a role in mesangial cell proliferation (59,77).  
In diabetic nephropathy, early tubulointerstitial disease is a predictor of renal function (78).  
Although all MAPK family members are present in distal and collecting tubules of control rats, 
an increase in activation of p38 is observed in streptozotocin induced diabetic rats (62). Fujita 
and colleagues demonstrated that in streptozotocin diabetic rats, ERK 1/2 and p38 were 
activated in the tubules and that p38 co-localized with TGF-ß (62), however, it can not be 
concluded that there was a relationship between the two, as the investigators did not inhibit 
MAPK activation. 
 
Hypertension. An increase in dietary salt intake as well as hypertension leads to the activation 
of MAPK family members within the glomerulus (79-81). Moreover, immunohistochemical 
analysis of ERK 1/2 in the hypertensive Ren2 rat has confirmed its presence in the 
glomerulus (82), demonstrating that a number of hypertension-associated external stimuli 
activate the MAPK family in vivo.  
 
Although the studies mentioned so far have shown an increase in MAPK activation, the 
implication of this increase is not clearly known. Furthermore, the exact stimuli for MAPK 
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activation may vary between the different diseases. For example, in vitro studies have 
reported p38 activation in mouse mesangial cells stimulated with TGF-ß (83), while mesangial 
cells treated with high glucose concentrations activate ERK 1/2 which in turn leads to 
increased TGF-ß stimulation (84). Thus, in mesangial cells MAPK may be involved in a 
vicious cycle resulting in accumulation of extracellular matrix proteins such as collagen and 
fibronectin, contributing to renal fibrosis (85).  Inhibition of growth factors, such as EGF, 
normalizes MAPK activation in the renal cortex and in turn reduces collagen I expression 
(86). Together, the available studies demonstrate an increase in MAPK activation in various 
renal diseases, suggesting that MAPKs may play a pivotal role in transducing information 
from the extracellular region to the intracellular compartment, resulting in the activation of 
further growth factors and molecules that contribute to renal pathology.  
 
MAPK inhibition. To establish a pathological role for a given factor, one must demonstrate, 
according to the modified Koch’s Postulates, that blockade of the factor would attenuate the 
manifestations of the disease (87).  The advantage of using experimental animal models is 
the ability to test inhibitors of the MAPK family and to examine their role in renal disease.   
In the non-inflammatory model of unilateral ureteric obstruction, Stambe et al reported that 
p38 activity is increased as early as 6 hours post-ligation and continues for at least 7 days 
(88).  Using the specific p38 inhibitor NPC31169, which inhibits phosphorylated p38 from 
phosphorylating down stream targets such as activated transcription factor 2 (ATF2), there 
was a reduction in interstitial fibrosis and collagen IV protein and mRNA.  However, there was 
no effect on TGF-ß, suggesting that the activation of extracellular matrix in this experimental 
model of renal disease is not mediated by TGF-ß (88), although in vitro studies provided 
evidence that the activation of TGF-ß and its effects on extracellular matrix proteins is through 
ERK (84,85).   
In the anti-GBM glomerulonephritis model of experimental crescentric glomerulonephritis, 
blockade of p38 with NPC31145 or FR167653 reduced proteinuria, glomerular neutrophil 
accumulation (89) and monocyte chemoattractant protein-1 (90), suggesting that p38 is 
important in inflammatory renal diseases, and that its blockade may be a useful target for 
therapy.  In addition, in the hypertensive stroke prone rats on a high salt and fat diet, 
glomerular hypertrophy, tubulointerstitial changes and urinary albumin excretion were 



Mitogen activated protein kinase signaling in the kidney: target for intervention? 
 

 35

attenuated with the p38 inhibitor SB239063 (91). In a recent study by Ikezumi et al, utilising 
an acute model of macrophage-mediated renal injury, JNK inhibition with SP600125 was 
associated with a reduction in proteinuria and macrophage proliferation, suggesting that 
macrophage accumulation may be mediated by JNK (92). 
However, a recent study in the remnant kidney model (93), using the p38 inhibitor NPC31169 
for 9 weeks at 100 mg/kd/day, shows that MAPK inhibition was associated with increased 
proteinuria, tubular dilation, infiltration of ED-1 positive cells, proliferation and tubulointerstitial 
fibrosis.  Furthermore, ERK1/2 expression was increased with p38 blockade, suggesting that 
there is cross-talk between the intracellular pathways in renal disease (93).  The authors 
suggested that the lack of renoprotection, as opposed to the renoprotective effects in anti-
GBM nephritis, may indicate that inhibition of p38 is beneficial mainly in inflammatory 
diseases where the level of pro-inflammatory cytokines is high, while the remnant model is 
characterized by a low level of pro-inflammatory cytokines.  Yet, the beneficial effects in other 
non-inflammatory models such as unilateral ureteric obstruction (88) and stroke-prone rats 
(91) indicate that a prominent inflammatory component is not a prerequisite for a therapeutic 
effect of MAPK inhibition. 
Taken together, the available data indicate that p38 and ERK1/2 blockade can provide 
renoprotection in various renal conditions. Apparently, however, MAPK inhibition is not 
uniformly renoprotective but can also aggravate renal damage. This argues against a too 
straightforward application of MAPK inhibition in renal damage, but rather emphasizes the 
need for better understanding of the complex role of MAPK in renal damage in order to 
delineate the therapeutic potential of MAPK modulation. 
 
 
Renin-Angiotensin-Aldosterone System and Renal MAPK Expression 
  
Angiotensin II (AngII) has a key role in the pathophysiology of a number or renal diseases. 
The most successful approach to treating progressive renal diseases includes angiotensin 
converting enzyme inhibitors (ACEi) or angiotensin receptor blockers (ARB) as reported in 
numerous in vitro, animal and clinical studies(94-96), although more specific intervention may 
be appropriate (97).  The beneficial effects relate to their efficacy in not only reducing blood 
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pressure and proteinuria, but also inhibiting the non-hemodynamic functions of AngII.  AngII 
binding to its G-protein coupled receptor activates a number of intracellular signaling 
molecules, including MAPK family members. 
As shown in Figure (3), AngII activates ERK, JNK and p38 in rat mesangial cells, resulting in 
hypertrophy (ERK), proliferation (JNK), and TGF-beta production (p38) (98-100). In tubular 
epithelial cells, AngII can activate the same MAPKs, however, p38 activation results in 
apoptosis in these cells (49). This indicates that effects of MAPK activation by AngII may be 
cell type-specific. Together, these data implicate that MAPK activation by AngII may be 
relevant in the pathophysiology of renal damage. Furthermore, p38 is able to stimulate 
angiotensin II gene expression, in turn leading to the increase in pro-fibrotic growth factors 
and cellular hypertrophy (101), suggesting that the interaction between MAPK and 
angiotensin II has the potential to elicit a vicious cycle relevant to renal damage. 

 

 
Figure 3. MAPK-mediated effects of angiotensin II in renal mesangial and tubular epithelial cells  
Schematic representation of MAPK activation by angiotensin II in mesangial cells and tubular epithelial 
cells. This illustrates that cellular responses of MAPK activation may be cell type-specific. 
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Importantly, inhibition of either p38 or ERK ameliorated angiotensin II-mediated renal damage 
in homozygous Ren2 rats (102). This provides proof of principle that MAPK inhibition has the 
potential to ameliorate angiotensin II-induced renal damage in vivo, which may turn out highly 
relevant, considering the important role of angiotensin II in progressive renal disease. 
The effect of renin-angiotensin-aldosterone-system(RAAS)-blockade on MAPK activation in 
renal disease has only recently been investigated.  In the streptozotocin-induced model of 
diabetes, the effect of ACEi on ERK 1/2 has been investigated in the glomerulus, and it was 
reported that ACEi reduced ERK 1/2 phosphorylation (103).  Studies by Hamaguchi et al 
provided in vivo evidence that angiotensin II infusion led to the activation of ERK 1/2 and JNK 
(79). Furthermore, ARB or inhibition of ERK 1/2 blocked the angiotensin II induced stimulation 

of collagen 1 α gene in renal cortical slices (104).  In a recent study, Nishiyama and 

colleagues examined the effect of ARB on the activities of ERK 1/2, JNK and ERK5 in Dahl 
salt-sensitive rats fed a high salt diet (105). ARB treatment reduced urinary protein excretion 
and collagen accumulation, without affecting blood pressure, highlighting the non-
hemodynamic role of angiotensin II.  In the salt sensitive rats fed a high salt diet, ERK 1/2, 
JNK and ERK5 were activated in the kidney cortex.  The activation of these MAPK molecules 
were normalized with ARB (105).  The results of this study suggest that effects on MAPK 
pathways may partly mediate the renoprotective effects of ARB.       
It is important to note that, in spite of their proven efficacy, ACEi or ARB only partially reduce 
the progression of chronic renal damage. In fact, in many patients renal function loss 
continues despite apparently adequate RAAS-blockade, which prompts for the development 
of new therapies. A recent prospective study into the renal mechanisms of resistance to 
renoprotective therapy in adriamycin-induced renal damage in rats revealed that the extent of 
pre-fibrotic renal damage and its associated macrophage infiltration present at onset of 
therapy were negative predictors of the antiproteinuric benefit of RAAS-blockade (106). This 
suggests that specific interference in pathways involved in macrophage influx and 
fibrogenesis may have the potential to overcome resistance to the renoprotective effects of 
RAAS-blockade. Considering the involvement of MAPK in these processes, in this respect, 
MAPK modulation would be a relevant strategy to investigate. 
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MAPK activation in man 
 
MAPK activation in the normal human kidney 
 
In the healthy adult human kidney, immunostaining revealed pp38 (activated p38) in some 
glomerular visceral (podocytes) and parietal epithelial cells, in a minority of tubular epithelial 
cells, and occasionally in peritubular interstitial cells (107,108). In human embryonic kidneys 
(gestational ages 19-34 wks) however, the activated isoform pp38 cannot be detected (109).  
 
             

     p38    ERK      JNK  

Disease glom tub interst  glom tub interst         glom   tub interst Ref  

             
TMD = = =  = =      [108,110] 
MCD + +++ =  = =      [108,110] 
ATN            ++   ++ [111] 
GN ++ = =         [108] 
Cresc GN ++           [113] 
PIGN +++ +++ =         [108] 
IgA +++ +++ =         [108] 
Vasculitis +++ +++ +++  + =      [108,110] 
SLE +++ +++ +++  = =      [108,110] 
FGS ++ = =  = =      [108,110] 
DN + ++ +++  +       [107,114] 
 

Table 6. MAPK activation in human renal disease 
Overview of available data on MAPK activation in human renal disease. All indicated changes are 
relative to controls. Legend: = no change, + 2-4 times increased, ++ 4-6 times increased, +++ >6 times 
increased. TMD = thin membrane disease, MCD = minimal change disease, ATN = acute tubular 
necrosis, MGN = membraneous glomerulonephritis, cresc GN = crescentic glomerulonephritis, PIGN = 
postinfectious glomerulonephritis, SLE = systemic lupus erythematosis, FGS = focal 
glomerulosclerosis, DN = diabetic nephropathy. All indicated differences are significant (p<0.05). Blank 
fields indicate unavailable data. 
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This is in contrast with findings in the rat that show abundant p38 activation in renal 
development (64). pERK, in the normal human kidney, is almost completely restricted to 
some collecting duct cells (110). In the embryonic stage, pERK can be detected in epithelial 
cells in distal tubules and in collecting duct cells (109). The localisation of activated JNK in the 
healthy human kidney has only been described in one recent study showing pJNK expression 
in the tubulointerstitium (111). Embryonic kidneys (19-34 wks) reveal faintly positive staining 
for pJNK in distal tubulus and collecting ducts (109). The differences in MAPK activation 
between humans and rats may suggest separate functions of MAPKs in both species, 
although the amount of data on MAPK activation in human kidney development is only 
minimal to date. 
 
 
MAPK activation in human renal disease 
 
Multiple studies report increased MAPK activation in various renal diseases, suggesting a role 
for MAPKs in the pathophysiology of human renal disease (Table (6)). Limited data is 
available on the relationship between altered renal MAPK expression and the severity of renal 
function impairment or proteinuria. 
Glomerulonephritis (GN). Human GN is characterized by infiltration of inflammatory cells, 
including T-cells and macrophages. Influx of inflammatory cells correlates with renal function 
and histopathologic lesions (78,112). In GN, activation of p38 MAPK in intrinsic renal cells 
and in infiltrating leukocytes correlates with renal dysfunction and histopathology (108). An 
increased number of pp38 positive glomerular cells has been observed in both 
nonproliferative (minimal change disease (MCD), membranous glomerulonephritis (MGN)) 
and proliferative (IgA, systemic lupus erythematosis (SLE), vasculitis) GN, although there is 
greater activation of p38 in proliferative than in non-proliferative GN (108). Furthermore, in 
proliferative GN, there is increased p38 activation in all tubular segments, as opposed to non-
proliferative GN (108,113). Unlike p38, controversy exists as to whether ERK or JNK 
activation occurs in human glomerulonephritis. Makaki et al report that ERK activation does 
not occur in thin membrane disease (TMD), MCD, or SLE, while in patients with vasculitis, 
there is increased glomerular ERK activation in the glomerular tuft and in crescents (110). 
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Diabetic nephropathy (DN). In human DN, increased glomerular activation of both ERK and 
p38 has been described (107,114). Interestingly, Toyoda et al described an inverse 
relationship between glomerular (mainly mesangial and epithelial) ERK activation and 
mesangial matrix expansion in DN, indicating that ERK activation mainly plays a role in the 
early stage of tissue damage in DN (114). This may be of interest for prevention strategies. 
For p38 activation, such a correlation has never been studied in man, but studies in diabetic 
animals indicate increasing activation up to 8 months after streptozotocin injection(107). 
Moreover, activated p38 has been found in accumulating interstitial macrophages and 
fibroblasts in kidneys of patients with type 2 diabetes, suggesting involvement of p38 
activation in inflammation in DN. However, the authors could not correlate p38 activation to 
proteinuria or renal function, probably due to a small number of biopsies (107).  
Renal dysplasia. In dysplastic epithelia of the human kidney (both pre- and postnatal), pp38 is 
strongly expressed, in contrast to normal prenatal kidneys, where p38 is not activated at all 
(109). Moreover, dysplastic epithelia stained exclusively positive for ERK and pERK. 
Surprisingly, pJNK, which was present in tubular epithelia of normal kidneys, could hardly be 
detected in dysplastic renal epithelia (109), suggesting that proliferation is the key mediator of 
this disease. Indeed, the authors propose that the activation of p38 and ERK may mediate 
hyperproliferation of dysplastic tubules resulting in cyst formation, whereas the concomitant 
down-regulation of JNK expression may be the cause or the result of an undifferentiated state 
of dysplastic epithelia (109). 
Acute tubular necrosis (ATN). To our knowledge, there is only one paper on JNK activation in 
human renal disease, showing that there is indeed increased JNK activation in the 
tubulointerstitium of patients with acute tubular necrosis (ATN), where it might induce 
apoptosis (111). There are no data on the role of other MAPK in human ATN. 
 
 
MAPK inhibition in human subjects 
 
There is limited experience with MAPK inhibition in human disease. Recently, a review paper 
addressed current standings in pharmacological intervention in MAPK signaling (115). To our 
knowledge, no studies on MAPK inhibition in human renal disease have yet been done. 
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However, studies on MAPK inhibition in other human disorders, such as endotoxemia, may 
give an indication of the therapeutic potential of MAPK inhibition. Fijen et al were the first to 
give an oral p38 inhibitor, RWJ 67657, to human subjects and demonstrated strong (>90%) 

dose-dependent inhibition of plasma TNF-α, IL-6, and IL-8 responses, and neutrophil and 
endothelial cell activation in human endotoxemia (116). Branger et al also demonstrated 

strong inhibition of TNF-α, IL-6, IL-10, and IL-1RA using the p38 inhibitor BIRB 796 BS in 
human endotoxemia (117). This p38 inhibitor dose-dependently ameliorated coagulation, 
fibrinolysis, and endothelial cell activation in human endotoxemia (118). Regan et al selected 
BIRB 796 as a clinical candidate for the treatment of inflammatory diseases for its significant 

improvements in binding affinity, cellular activity, and in vivo reduction of TNF-α production 
and arthritis severity (117,119,120). This provides further evidence that MAPK is important in 
diseases characterized by inflammation and hypercellularity. 
At the moment, BIRB 796 (doramapimod) is in clinical trials for the treatment of psoriasis 
(phase III), rheumatoid arthritis and Crohn’s disease (both phase IIb) (121). The p38 inhibitor 
VX-702 is currently in clinical trials for treatment of acute coronary syndromes (phase IIa) 
(121). To our knowledge, there are no publications describing the use of specific ERK- or 
JNK-inhibitors in human subjects. Moreover, there is yet no data on MAPK inhibition in 
human renal disease, there is a new field of powerful pharmacological intervention to be 
explored. 
 
 
Possible side effects of MAPK inhibitors 
 
Little is known about potential side effects of MAPK inhibition in patients. At least one group 
of p38 inhibitors, the pyridinylimidazoles (SK&F 86002 and SB 203580), not only efficiently 
inhibit proinflammatory cytokine synthesis, they also potently inhibit human liver P450 
isozymes (122-124). Inhibition of human cytochrome P450 can potentially cause drug-drug 
interactions or lead to other hepatic changes such as P450 enzyme induction. In 10- and 14-
day dose-ranging toxicological studies in rats using SK&F 86002 and SB203580, liver weight 
increased, and significant elevations of hepatic P450 enzymes were demonstrated (122,125). 
However, the newer second generation p38 MAPK inhibitors – the pyrimidine analogs of the 
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pyridinylimidazole class of p38 inhibitors – have reduced effects on cytochrome P450, as well 
as an increased oral activity (122). In the studies using RWJ-7457, there was no apparent 
drug toxicity, based on clinical findings and standard hematological and biochemical tests 
(116,126). Moreover, this inhibitor has been shown to have acceptable safety and 
pharmacokinetics in a single oral dose study in healthy men (127). 
It can be considered remarkable that p38 inhibitors apparently are relatively well tolerated in 
spite of the broad spectrum of physiological functions of MAPKs. Possibly, due to redundant 
MAPK pathways, inhibition of one MAPK elicits activation of other MAPKs, resulting in 
alternative activation cascades. Activation of other MAPK pathways upon specific MAPK 
blockade has indeed been described experimentally, both in vitro and in animals, however is 
it not clear whether the net effect is always beneficial (93,128,129). Another explanation may 
be that in a diseased organ, MAPKs become “overactivated”, so that inhibition has relatively 
more effect at the target tissue or organ than elsewhere in the body. The latter can be 
expected to result in a more favorable profile in terms of therapeutic window. It is also 
possible that both phenomena occur; but obviously, much more data on the safety of MAPK 
inhibition in human renal diseases are needed. 
 
  

Conclusions and future directions 
 
MAPKs play an important role in various crucial cell processes like proliferation, inflammation, 
and apoptosis. Whereas current insight in the complex MAPK interrelations is still limited, 
particularly considering the apparent aspecificity in some parts of their signaling cascades as 
opposed to specificity in other parts, nevertheless intervention in MAPK pathways afforded 
increasing insight in the role of MAPK in renal disease. Studies by MAPK intervention support 
a pathogenetic role of MAPKs in various experimental renal conditions characterized by 
inflammation, fibrosis and apoptosis, and moreover, demonstrated the renoprotective 
potential of MAPK inhibition in these conditions. Importantly, the  deleterious effect of MAPK 
inhibition in remnant kidney, a model characterized by hypertrophy, indicates that the specific 
type of renal damage is relevant to the eventual effect of MAPK inhibition.  Data from renal 
biopsies in man have shown upregulation of MAPKs in a variety of renal conditions, 
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suggesting involvement in human renal disease as well, and may provide a new target for 
intervention. 
Several important issues should be addressed in order to explore the potential of MAPKs as a 
novel intervention strategy in renal disease. It would be important to establish the renal 
conditions that can specifically benefit from MAPK inhibition, and to delineate the role of 
specifically modulating the different MAPK families in the various renal conditions. Safety 
would be particularly important to consider, in view of the ubiquitous expression of MAPKs 
throughout organs and cell-types, and the interaction between the different MAPK pathways.    
So far, no studies on MAPK inhibition in renal disease in man have been conducted. Yet, 
clinical data on the use of MAPK inhibitors in other human conditions show that the use of 
MAPK inhibition is feasible in man. Animal data suggest that MAPK inhibition may be of use 
in acute inflammatory renal disorders, and in chronic conditions characterized by fibrosis. 
Considering the current role of RAAS-blockade as first line of therapy in chronic progressive 
renal function loss disease – and the interactions between angiotensin II and MAPK signaling, 
it might be useful to study the possible role of MAPK inhibition as an adjunct to RAAS 
blockade.   
Finally, although most studies on MAPK inhibition in renal disease are promising, it is obvious 
that there is still much to be learned about the complex regulation of MAPK pathways. 
Combining information from different lines of research in pharmacology, physiology, cellular 
biology, and clinical medicine is pivotal to obtain a more complete and balanced concept of 
MAPK function, and to delineate the opportunities for its role as a target for therapy. 
 

References 
 

1. Treisman, R. Regulation of transcription by MAP kinase cascades. Curr Opin Cell Biol 1996; 
8: 205-215. 

2. Johnson, G.L., Lapadat, R. Mitogen-activated protein kinase pathways mediated by ERK, 
JNK, and p38 protein kinases. Science 2002; 298: 1911-1912. 

3. Han, J., Lee, J.D., Tobias, P.S., Ulevitch, R.J. Endotoxin induces rapid protein tyrosine 
phosphorylation in 70Z/3 cells expressing CD14. J Biol Chem 1993; 268: 25009-25014. 

4. Boulton, T.G., Yancopoulos, G.D., Gregory, J.S., Slaughter, C., Moomaw, C., Hsu, J., Cobb, 
M.H. An insulin-stimulated protein kinase similar to yeast kinases involved in cell cycle 
control. Science 1990; 249: 64-67. 



Chapter 2  
 

 44

5. Derijard, B., Hibi, M., Wu, I.H., Barrett, T., Su, B., Deng, T., Karin, M., Davis, R.J. JNK1: a 
protein kinase stimulated by UV light and Ha-Ras that binds and phosphorylates the c-Jun 
activation domain. Cell 1994; 76: 1025-1037. 

6. Han, J., Lee, J.D., Bibbs, L., Ulevitch, R.J. A MAP kinase targeted by endotoxin and 
hyperosmolarity in mammalian cells. Science 1994; 265: 808-811. 

7. Zhou, G., Bao, Z.Q., Dixon, J.E. Components of a new human protein kinase signal 
transduction pathway. J Biol Chem 1995; 270: 12665-12669. 

8. Hibi, M., Lin, A., Smeal, T., Minden, A., Karin, M. Identification of an oncoprotein- and UV-
responsive protein kinase that binds and potentiates the c-Jun activation domain. Genes Dev 
1993; 7: 2135-2148. 

9. Chang, L., Karin, M. Mammalian MAP kinase signalling cascades. Nature 2001; 410: 37-40. 
10. Gartner, A., Nasmyth, K., Ammerer, G. Signal transduction in Saccharomyces cerevisiae 

requires tyrosine and threonine phosphorylation of FUS3 and KSS1. Genes Dev 1992; 6: 
1280-1292. 

11. Nakielny, S., Cohen, P., Wu, J., Sturgill, T. MAP kinase activator from insulin- stimulated 
skeletal muscle is a protein threonine/tyrosine kinase. EMBO J 1992; 11: 2123-2129. 

12. Lange-Carter, C.A., Pleiman, C.M., Gardner, A.M., Blumer, K.J., Johnson, G.L. A divergence 
in the MAP kinase regulatory network defined by MEK kinase and Raf. Science 1993; 260: 
315-319. 

13. Tanoue, T., Yamamoto, T., Maeda, R., Nishida, E. A Novel MAPK phosphatase MKP-7 acts 
preferentially on JNK/SAPK and p38 alpha and beta MAPKs. J Biol Chem 2001; 276: 26629-
26639. 

14. Zhang, Y., Blattman, J.N., Kennedy, N.J., Duong, J., Nguyen, T., Wang, Y., Davis, R.J., 
Greenberg, P.D., Flavell, R.A., Dong, C. Regulation of innate and adaptive immune 
responses by MAP kinase phosphatase 5. Nature 2004; 430: 793-797. 

15. Marti, F., Krause, A., Post, N.H., Lyddane, C., Dupont, B., Sadelain, M., King, P.D. Negative-
feedback regulation of CD28 costimulation by a novel mitogen-activated protein kinase 
phosphatase, MKP6. J Immunol 2001; 166: 197-206. 

16. Muda, M., Theodosiou, A., Rodrigues, N., Boschert, U., Camps, M., Gillieron, C., Davies, K., 
Ashworth, A., Arkinstall, S. The dual specificity phosphatases M3/6 and MKP-3 are highly 
selective for inactivation of distinct mitogen-activated protein kinases. J Biol Chem 1996; 
271: 27205-27208. 

17. Muda, M., Boschert, U., Smith, A., Antonsson, B., Gillieron, C., Chabert, C., Camps, M., 
Martinou, I., Ashworth, A., Arkinstall, S. Molecular cloning and functional characterization of a 
novel mitogen-activated protein kinase phosphatase, MKP-4. J Biol Chem 1997; 272: 5141-
5151. 

18. Anderson, N.G., Maller, J.L., Tonks, N.K., Sturgill, T.W. Requirement for integration of 
signals from two distinct phosphorylation pathways for activation of MAP kinase. Nature 
1990; 343: 651-653. 

19. Widmann, C., Gibson, S., Jarpe, M.B., Johnson, G.L. Mitogen-activated protein kinase: 
conservation of a  three-kinase module from yeast to human. Physiol Rev 1999;. 79: 143-
180. 

20. Touyz, R.M., He, G., El Mabrouk, M., Diep, Q., Mardigyan, V., Schiffrin, E.L.  Differential 
activation of extracellular signal-regulated protein kinase 1/2 and p38 mitogen activated-
protein kinase by AT1 receptors in vascular smooth muscle cells from Wistar-Kyoto rats and 
spontaneously hypertensive rats. J Hypertens 2001; 19: 553-559. 

21. Eguchi, S., Dempsey, P.J., Frank, G.D., Motley, E.D., Inagami, T. Activation of MAPKs by 
angiotensin II in vascular smooth muscle cells. Metalloprotease-dependent EGF receptor 
activation is required for activation of ERK and p38 MAPK but not for JNK. J Biol Chem 
2001; 276: 7957-7962. 



Mitogen activated protein kinase signaling in the kidney: target for intervention? 
 

 45

22. Marais, R., Marshall, C.J. Control of the ERK MAP kinase cascade by Ras and Raf. Cancer 
Surv 1996; 27: 101-125. 

23. Chu, Y., Solski, P.A., Khosravi-Far, R., Der, C.J., Kelly, K. The mitogen-activated protein 
kinase phosphatases PAC1, MKP-1, and MKP-2 have unique substrate specificities and 
reduced activity in vivo toward the ERK2 sevenmaker mutation. J Biol Chem 1996; 271: 
6497-6501. 

24. Gille, H., Kortenjann, M., Thomae, O., Moomaw, C., Slaughter, C., Cobb, M.H., Shaw, P.E. 
ERK phosphorylation potentiates Elk-1-mediated ternary complex formation and 
transactivation. EMBO J 1995; 14: 951-962. 

25. Price, M.A., Cruzalegui, F.H., Treisman, R. The p38 and ERK MAP kinase pathways 
cooperate to activate Ternary Complex Factors and c-fos transcription in response to UV 
light. EMBO J 1996; 15: 6552-6563. 

26. Whitmarsh, A.J., Shore, P., Sharrocks, A.D., Davis, R.J. Integration of MAP kinase signal 
transduction pathways at the serum response element. Science 1995; 269: 403-407. 

27. Graves, L.M., Guy, H.I., Kozlowski, P., Huang, M., Lazarowski, E., Pope, R.M., Collins, M.A., 
Dahlstrand, E.N., Earp, H.S., III, Evans, D.R. Regulation of carbamoyl phosphate synthetase 
by MAP kinase. Nature 2000; 403: 328-332. 

28. Bhatt, R.R., Ferrell, J.E., Jr. The protein kinase p90 rsk as an essential mediator of cytostatic 
factor activity. Science 1999; 286: 1362-1365. 

29. Gross, S.D., Schwab, M.S., Lewellyn, A.L., Maller, J.L. Induction of metaphase arrest in 
cleaving Xenopus embryos by the protein kinase p90Rsk. Science 1999; 286: 1365-1367. 

30. Palmer, A., Gavin, A.C., Nebreda, A.R. A link between MAP kinase and p34(cdc2)/cyclin B 
during oocyte maturation: p90(rsk) phosphorylates and inactivates the p34(cdc2) inhibitory 
kinase Myt1. EMBO J 1998; 17: 5037-5047. 

31. Treinies, I., Paterson, H.F., Hooper, S., Wilson, R., Marshall, C.J. Activated MEK stimulates 
expression of AP-1 components independently of phosphatidylinositol 3-kinase (PI3-kinase) 
but requires a PI3-kinase signal To stimulate DNA synthesis. Mol Cell Biol 1999; 19: 321-
329. 

32. Bornfeldt, K.E., Campbell, J.S., Koyama, H., Argast, G.M., Leslie, C.C., Raines, E.W., Krebs, 
E.G., Ross, R. The mitogen-activated protein kinase pathway can mediate growth inhibition 
and proliferation in smooth muscle cells. Dependence on the availability of downstream 
targets. J Clin Invest 1997; 100: 875-885. 

33. Franklin, C.C., Kraft, A.S. Conditional expression of the mitogen-activated protein kinase 
(MAPK) phosphatase MKP-1 preferentially inhibits p38 MAPK and stress-activated protein 
kinase in U937 cells. J Biol Chem 1997; 272: 16917-16923. 

34. Dickens, M., Rogers, J.S., Cavanagh, J., Raitano, A., Xia, Z., Halpern, J.R., Greenberg, 
M.E., Sawyers, C.L., Davis, R.J. A cytoplasmic inhibitor of the JNK  signal transduction 
pathway. Science 19997; 277: 693-696. 

35. Tang, G., Minemoto, Y., Dibling, B., Purcell, N.H., Li, Z., Karin, M., Lin, A. Inhibition of JNK 
activation through NF-kappaB target genes. Nature 2001; 414: 313-317. 

36. Kallunki, T., Deng, T., Hibi, M., Karin, M. c-Jun can recruit JNK to phosphorylate dimerization 
partners via specific docking interactions. Cell 1996; 87: 929-939. 

37. Zhang, Y., Feng, X., We, R., Derynck, R. Receptor-associated Mad homologues synergize 
as effectors of the TGF-beta response. Nature 1996; 383: 168-172. 

38. Stappenbeck, T.S., Gordon, J.I. Extranuclear sequestration of phospho-Jun N-terminal 
kinase and distorted villi produced by activated Rac1 in the intestinal epithelium of chimeric 
mice. Development 2001; 128: 2603-2614. 

39. Ono, K., Han, J. The p38 signal transduction pathway: activation and function. Cell Signal 
2000. 12: 1-13. 

40. Guan, Z., Buckman, S.Y., Miller, B.W., Springer, L.D., Morrison, A.R. Interleukin-1beta-
induced cyclooxygenase-2 expression requires activation of both c-Jun NH2- terminal kinase 



Chapter 2  
 

 46

and p38 MAPK signal pathways in rat renal mesangial cells. J Biol  Chem 1998; 273: 28670-
28676. 

41. Meldrum, K.K., Meldrum, D.R., Hile, K.L., Yerkes, E.B., Ayala, A., Cain, M.P., Rink, R.C., 
Casale, A.J., Kaefer, M.A. p38 MAPK mediates renal tubular cell TNF-alpha  production and 
TNF-alpha-dependent apoptosis during simulated ischemia. Am J Physiol Cell Physiol 2001; 
281: C563-C570. 

42. Awazu, M., Omori, S., Hida, M. MAP kinase in renal development. Nephrol Dial Transplant 
2002; 17 Suppl 9: 5-7. 

43. Han, J., Jiang, Y., Li, Z., Kravchenko, V.V., Ulevitch, R.J. Activation of the transcription factor 
MEF2C by the MAP kinase p38 in inflammation. Nature 1997; 386: 296-299. 

44. Winzen, R., Kracht, M., Ritter, B., Wilhelm, A., Chen, C.Y., Shyu, A.B., Muller, M., Gaestel, 
M., Resch, K., Holtmann, H. The p38 MAP kinase pathway signals for cytokine-induced 
mRNA stabilization via MAP kinase-activated protein kinase 2 and an AU-rich region-
targeted mechanism. EMBO J 1999; 18: 4969-4980. 

45. Lasa, M., Mahtani, K.R., Finch, A., Brewer, G., Saklatvala, J., Clark, A.R. Regulation of 
cyclooxygenase 2 mRNA stability by the mitogen-activated protein kinase p38 signaling 
cascade. Mol Cell Biol 2000; 20: 4265-4274. 

46. Badger, A.M., Cook, M.N., Lark, M.W., Newman-Tarr, T.M., Swift, B.A., Nelson, A.H., 
Barone, F.C., Kumar, S. SB 203580 inhibits p38 mitogen-activated protein kinase, nitric 
oxide production, and inducible nitric oxide synthase in bovine cartilage-derived 
chondrocytes. J Immunol 1998; 161: 467-473. 

47. Guan, Z., Buckman, S.Y., Pentland, A.P., Templeton, D.J., Morrison, A.R. Induction of 
cyclooxygenase-2 by the activated MEKK1 --> SEK1/MKK4 --> p38 mitogen- activated 
protein kinase pathway. J Biol Chem 1998; 273: 12901-12908. 

48. Pietersma, A., Tilly, B.C., Gaestel, M., de Jong, N., Lee, J.C., Koster, J.F., Sluiter, W. p38 
mitogen activated protein kinase regulates endothelial VCAM-1 expression at the post-
transcriptional level. Biochem Biophys Res Commun 1997; 230: 44-48. 

49. Bhaskaran, M., Reddy, K., Radhakrishanan, N., Franki, N., Ding, G., Singhal, P.C. 
Angiotensin II induces apoptosis in renal proximal tubular cells. Am J Physiol  Renal Physiol 
2003; 284: F955-F965. 

50. Brancho, D., Tanaka, N., Jaeschke, A., Ventura, J.J., Kelkar, N., Tanaka, Y.,  Kyuuma, M., 
Takeshita, T., Flavell, R.A., Davis, R.J. Mechanism of p38 MAP kinase activation in vivo. 
Genes Dev 2003; 17: 1969-1978. 

51. Lavoie, J.N., L'Allemain, G., Brunet, A., Muller, R., Pouyssegur, J. Cyclin D1  expression is 
regulated positively by the p42/p44MAPK and negatively by the p38/HOGMAPK pathway. J 
Biol Chem 1996; 271: 20608-20616. 

52. Takenaka, K., Moriguchi, T., Nishida, E. Activation of the protein kinase p38 in the spindle 
assembly checkpoint and mitotic arrest. Science 1998; 280: 599-602. 

53. Engelman, J.A., Lisanti, M.P., Scherer, P.E. Specific inhibitors of p38 mitogen-activated 
protein kinase block 3T3-L1 adipogenesis. J Biol Chem 1998; 273: 32111-32120. 

54. Wang, Y., Huang, S., Sah, V.P., Ross, J., Jr., Brown, J.H., Han, J., Chien, K.R. Cardiac 
muscle cell hypertrophy and apoptosis induced by distinct members of the p38 mitogen-
activated protein kinase family. J Biol Chem 1998; 273: 2161-2168. 

55. Sun, W., Wei, X., Kesavan, K., Garrington, T.P., Fan, R., Mei, J., Anderson, S.M., Gelfand, 
E.W., Johnson, G.L. MEK kinase 2 and the adaptor protein Lad regulate extracellular signal-
regulated kinase 5 activation by epidermal growth factor via Src. Mol Cell Biol. 2003; 23: 
2298-2308. 

56. Sun, W., Kesavan, K., Schaefer, B.C., Garrington, T.P., Ware, M., Johnson, N.L., Gelfand, 
E.W., Johnson, G.L. MEKK2 associates with the adapter protein Lad/RIBP and regulates the 
MEK5-BMK1/ERK5 pathway. J Biol Chem 2001; 276: 5093-5100. 



Mitogen activated protein kinase signaling in the kidney: target for intervention? 
 

 47

57. Chao, T.H., Hayashi, M., Tapping, R.I., Kato, Y., Lee, J.D. MEKK3 directly regulates MEK5 
activity as part of the big mitogen-activated protein kinase 1 (BMK1) signaling pathway. J Biol 
Chem 1999; 274: 36035-36038. 

58. Hayashi, M., Lee, J.D. Role of the BMK1/ERK5 signaling pathway: lessons from knockout 
mice. J Mol Med 2004 

59. Suzaki, Y., Yoshizumi, M., Kagami, S., Nishiyama, A., Ozawa, Y., Kyaw, M., Izawa, Y., 
Kanematsu, Y., Tsuchiya, K., Tamaki, T. BMK1 is activated in glomeruli of diabetic rats and 
in mesangial cells by high glucose conditions. Kidney Int 2004; 65: 1749-1760. 

60. Kato, Y., Kravchenko, V.V., Tapping, R.I., Han, J., Ulevitch, R.J., Lee, J.D. BMK1/ERK5 
regulates serum-induced early gene expression through transcription factor MEF2C. EMBO J 
1997; 16: 7054-7066. 

61. Hayashi, M., Kim, S.W., Imanaka-Yoshida, K., Yoshida, T., Abel, E.D., Eliceiri, B., Yang, Y., 
Ulevitch, R.J., Lee, J.D. Targeted deletion of BMK1/ERK5 in adult mice perturbs vascular 
integrity and leads to endothelial failure. J Clin Invest 2004; 113: 1138-1148. 

62. Fujita, H., Omori, S., Ishikura, K., Hida, M., Awazu, M. ERK and p38 mediate high-glucose-
induced  hypertrophy and TGF-beta expression in renal tubular cells. Am J Physiol Renal 
Physiol 2004; 286: F120-F126. 

63. Stambe, C., Atkins, R.C., Hill, P.A., Nikolic-Paterson, D.J. Activation and cellular localization 
of the p38 and JNK MAPK pathways in rat crescentic glomerulonephritis. Kidney Int 2003; 
64: 2121-2132. 

64. Omori, S., Hida, M., Ishikura, K., Kuramochi, S., Awazu, M. Expression of mitogen-activated 
protein kinase family in rat renal development. Kidney Int 2000; 58: 27-37. 

65. Cheng, H.F., Wang, J.L., Zhang, M.Z., McKanna, J.A., Harris, R.C. Role of p38 in the 
regulation of renal cortical cyclooxygenase-2 expression by extracellular chloride. J Clin 
Invest 2000; 106: 681-688. 

66. Terada, Y., Yamada, T., Takayama, M., Nonoguchi, H., Sasaki, S., Tomita, K., Marumo, F. 
Presence and regulation of Raf-1-K (Kinase), MAPK-K, MAP-K, and S6-K in rat nephron 
segments. J Am Soc Nephrol 1995; 6: 1565-1577. 

67. Hida, M., Omori, S., Awazu, M. ERK and p38 MAP kinase are required for rat renal 
development. Kidney Int 2002; 61: 1252-1262. 

68. Bonventre, J.V. Molecular response to cytotoxic injury: role of inflammation, MAP kinases, 
and endoplasmic reticulum stress response. Semin Nephrol 2003; 23: 439-448. 

69. Hauser, P., Oberbauer, R. Tubular apoptosis in the pathophysiology of renal disease. Wien 
Klin Wochenschr 2002; 114: 671-677. 

70. Kikkawa, R., Koya, D., Haneda, M. Progression of diabetic nephropathy. Am J Kidney Dis. 
2003; 41: S19-S21. 

71. Wada, T., Yokoyama, H., Matsushima, K., Kobayashi, K. Chemokines in renal diseases. Int 
Immunopharmacol 2001; 1: 637-645. 

72. Bokemeyer, D., Guglielmi, K.E., McGinty, A., Sorokin, A., Lianos, E.A., Dunn, M.J. Activation 
of extracellular signal-regulated kinase in proliferative glomerulonephritis in rats. J Clin Invest 
1997; 100: 582-588. 

73. Bokemeyer, D., Ostendorf, T., Kunter, U., Lindemann, M., Kramer, H.J., Floege, J. 
Differential activation of mitogen-activated protein kinases in experimental 
mesangioproliferative glomerulonephritis. J Am Soc Nephrol 2000; 11: 232-240. 

74. Bokemeyer, D., Panek, D., Kramer, H.J., Lindemann, M., Kitahara, M., Boor, P., Kerjaschki, 
D., Trzaskos, J.M., Floege, J., Ostendorf, T. In vivo identification of the mitogen-activated 
protein kinase cascade as a central pathogenic pathway in experimental 
mesangioproliferative glomerulonephritis. J Am Soc Nephrol 2002; 13: 1473-1480. 

75. Awazu, M., Ishikura, K., Hida, M., Hoshiya, M. Mechanisms of mitogen-activated protein 
kinase activation in experimental diabetes. J Am Soc Nephrol 1999; 10: 738-745. 



Chapter 2  
 

 48

76. Kang, S.W., Adler, S.G., Lapage, J., Natarajan, R. p38 MAPK and MAPK kinase 3/6 mRNA 
and activities are increased in early diabetic glomeruli. Kidney Int 2001; 60: 543-552. 

77. Feliers, D., Duraisamy, S., Faulkner, J.L., Duch, J., Lee, A.V., Abboud, H.E., Choudhury, 
G.G., Kasinath, B.S. Activation of renal signaling pathways in db/db  mice with type 2 
diabetes. Kidney Int 2001; 60: 495-504. 

78. Risdon, R.A., Sloper, J.C., De Wardener, H.E. Relationship between renal function and 
histological changes found in renal-biopsy specimens from patients with persistent 
glomerular nephritis. Lancet 1968; 2: 363-366. 

79. Hamaguchi, A., Kim, S., Yano, M., Yamanaka, S., Iwao, H. Activation of glomerular mitogen-
activated protein kinases in angiotensin II-mediated hypertension. J Am Soc Nephrol 1998; 
9: 372-380. 

80. Hamaguchi, A., Kim, S., Izumi, Y., Iwao, H. Chronic activation of glomerular mitogen-
activated protein kinases in Dahl salt-sensitive rats. J Am Soc Nephrol 2000; 11: 39-46. 

81. Ying, W.Z., Sanders, P.W. Dietary salt intake activates MAP kinases in the rat kidney. 
FASEB J 2002; 16: 1683-1684. 

82. Park, J.K., Muller, D.N., Mervaala, E.M., Dechend, R., Fiebeler, A., Schmidt, F., Bieringer, 
M., Schafer, O., Lindschau, C., Schneider, W., Ganten, D., Luft, F.C., Haller, H. Cerivastatin 
prevents angiotensin II-induced renal injury independent of blood pressure- and cholesterol-
lowering effects. Kidney Int 2000; 58: 1420-1430. 

83. Wang, L., Ma, R., Flavell, R.A., Choi, M.E. Requirement of mitogen-activated protein kinase 
kinase 3 (MKK3) for activation of p38alpha and p38delta MAPK isoforms by TGF-beta 1 in 
murine mesangial cells. J Biol Chem 2002; 277: 47257-47262. 

84. Isono, M., Cruz, M.C., Chen, S., Hong, S.W., Ziyadeh, F.N. Extracellular signal-regulated 
kinase mediates stimulation of TGF-beta1 and matrix by high glucose in mesangial cells. J 
Am Soc Nephrol 2000; 11: 2222-2230. 

85. Inoki, K., Haneda, M., Ishida, T., Mori, H., Maeda, S., Koya, D., Sugimoto, T.,  Kikkawa, R. 
Role of mitogen-activated protein kinases as downstream effectors of transforming growth 
factor-beta in mesangial cells. Kidney Int 2000; Suppl 77: S76-S80. 

86. Francois, H., Placier, S., Flamant, M., Tharaux, P.L., Chansel, D., Dussaule, J.C., 
Chatziantoniou, C. Prevention of renal vascular and glomerular fibrosis by epidermal growth 
factor receptor inhibition. FASEB J 2004; 18: 926-928. 

87. Johnson, R.J., Lovett, D. In vivo gene transfer, Koch's postulates, and renal disease. J Clin 
Invest 1993; 92: 2568 

88. Stambe, C., Atkins, R.C., Tesch, G.H., Masaki, T., Schreiner, G.F., Nikolic-Paterson, D.J. 
The role of p38alpha mitogen-activated protein kinase activation in renal fibrosis. J Am Soc 
Nephrol 2004; 15: 370-379. 

89. Stambe, C., Atkins, R.C., Tesch, G.H., Kapoun, A.M., Hill, P.A., Schreiner, G.F., Nikolic-
Paterson, D.J. Blockade of p38alpha MAPK ameliorates acute inflammatory  renal injury in 
rat anti-GBM glomerulonephritis. J Am Soc Nephrol 2003; 14: 338-351. 

90. Wada, T., Furuichi, K., Sakai, N., Hisada, Y., Kobayashi, K., Mukaida, N., Tomosugi, N., 
Matsushima, K., Yokoyama, H. Involvement of p38 mitogen-activated protein  kinase 
followed by chemokine expression in crescentic glomerulonephritis. Am J Kidney Dis 2001; 
38: 1169-1177. 

91. Lenhard, S.C., Nerurkar, S.S., Schaeffer, T.R., Mirabile, R.C., Boyce, R.W., Adams, D.F., 
Jucker, B.M., Willette, R.N. p38 MAPK inhibitors ameliorate target organ damage in 
hypertension: Part 2. Improved renal function as assessed by dynamic contrast-enhanced 
magnetic resonance imaging. J Pharmacol Exp Ther 2003; 307: 939-946. 

92. Ikezumi, Y., Hurst, L., Atkins, R.C., Nikolic-Paterson, D.J. Macrophage-Mediated Renal Injury 
Is Dependent on Signaling via the JNK Pathway. J Am Soc Nephrol  2004; 15: 1775-1784. 



Mitogen activated protein kinase signaling in the kidney: target for intervention? 
 

 49

93. Ohashi, R., Nakagawa, T., Watanabe, S., Kanellis, J., Almirez, R.G., Schreiner, G.F., 
Johnson, R.J. Inhibition of p38 mitogen-activated protein kinase augments  progression of 
remnant kidney model by activating the ERK pathway. Am J Pathol  2004; 164: 477-485. 

94. Bakris, G.L., Williams, M., Dworkin, L., Elliott, W.J., Epstein, M., Toto, R., Tuttle, K., Douglas, 
J., Hsueh, W., Sowers, J. Preserving renal function in adults with  hypertension and 
diabetes: a consensus approach. National Kidney Foundation Hypertension and Diabetes 
Executive Committees Working Group. Am J Kidney Dis 2000; 36: 646-661. 

95. Mackenzie, H.S., Ziai, F., Omer, S.A., Nadim, M.K., Taal, M.W. Angiotensin receptor 
blockers in chronic renal disease: the promise of a bright clinical future. J Am Soc Nephrol 
1999; 10 Suppl 12: S283-S286. 

96. Vogt, L., Kocks, M.J., Laverman, G.D., Navis, G. Renoprotection by blockade of the renin-
angiotensin-aldosterone system in diabetic and non-diabetic chronic kidney disease. Specific 
involvement of intra-renal angiotensin-converting enzyme activity in  therapy resistance? 
Minerva Med 2004; 95: 395-409. 

97. De Borst, M.H., Sleeswijk, M.E., Woittiez, A.J.J., Van Goor, H., Navis, G.J. Hypertensive 
renal damage: pathophysiology and prevention. Histopathology 2002; 41 Suppl 2:314-319 

98. Gorin, Y., Ricono, J.M., Wagner, B., Kim, N.H., Bhandari, B., Choudhury, G.G., Abboud, H.E. 
Angiotensin II-induced ERK1/ERK2 activation and protein synthesis are redox-dependent in 
glomerular mesangial cells. Biochem J 2004; 381: 231-239. 

99. Weigert, C., Brodbeck, K., Klopfer, K., Haring, H.U., Schleicher, E.D. Angiotensin II induces 
human TGF-beta 1 promoter activation: similarity to hyperglycaemia. Diabetologia 2002; 45: 
890-898. 

100. Zhang, A., Ding, G., Huang, S., Wu, Y., Pan, X., Guan, X., Chen, R., Yang, T. c-Jun NH2-
terminal kinase mediation of angiotensin II-induced proliferation of human mesangial cells. 
Am J Physiol Renal Physiol 2005;288(6):F1118-24 

101. Zhang, S.L., Tang, S.S., Chen, X., Filep, J.G., Ingelfinger, J.R., Chan, J.S. High levels of 
glucose  stimulate angiotensinogen gene expression via the P38 mitogen-activated protein 
kinase pathway in rat kidney proximal tubular cells. Endocrinology 2000; 141: 4637-4646. 

102. De Borst, M.H., Navis, G., De Boer, R.A., Huitema, S., Vis, L.M., van Gilst, W.H., Van Goor, 
H. Specific MAP-kinase blockade protects against renal damage in  homozygous 
TGR(mRen2)27 rats. Lab Invest 2003; 83: 1761-1770. 

103. Mage, M., Pecher, C., Neau, E., Cellier, E., Dos Reiss, M.L., Schanstra, J.P.,  Couture, R., 
Bascands, J.L., Girolami, J.P. Induction of B1 receptors in streptozotocin diabetic rats: 
possible involvement in the control of hyperglycemia-induced glomerular Erk 1 and 2 
phosphorylation. Can J Physiol Pharmacol 2002; 80: 328-333. 

104. Tharaux, P.L., Chatziantoniou, C., Fakhouri, F., Dussaule, J.C. Angiotensin II  activates 
collagen I gene through a mechanism involving the MAP/ER kinase  pathway. Hypertension 
2000; 36: 330-336. 

105. Nishiyama, A., Yoshizumi, M., Rahman, M., Kobori, H., Seth, D.M., Miyatake, A., Zhang, 
G.X., Yao, L., Hitomi, H., Shokoji, T., Kiyomoto, H., Kimura, S., Tamaki, T., Kohno, M., Abe, 
Y. Effects of AT1 receptor blockade on renal injury and mitogen-activated protein activity in 
Dahl salt-sensitive rats. Kidney Int 2004; 65: 972-981. 

106. Kramer, A.B., Laverman, G.D., Van Goor, H., Navis, G. Inter-individual differences in anti-
proteinuric response to ACEi in established adriamycin nephrotic rats are predicted by 
pretreatment renal damage. J Pathol 2003; 201: 160-167. 

107. Adhikary, L., Chow, F., Nikolic-Paterson, D.J., Stambe, C., Dowling, J., Atkins, R.C., Tesch, 
G.H. Abnormal p38 mitogen-activated protein kinase signalling in human and  experimental 
diabetic nephropathy. Diabetologia 2004; 47: 1210-1222. 

108. Stambe, C., Nikolic-Paterson, D.J., Hill, P.A., Dowling, J., Atkins, R.C. p38 Mitogen-activated 
protein kinase activation and cell localization in human glomerulonephritis: correlation with 
renal injury. J Am Soc Nephrol 2004; 15: 326-336. 



Chapter 2  
 

 50

109. Omori, S., Fukuzawa, R., Hida, M., Awazu, M. Expression of mitogen-activated protein 
kinases in human  renal dysplasia. Kidney Int 2002; 61: 899-906. 

110. Masaki, T., Stambe, C., Hill, P.A., Dowling, J., Atkins, R.C., Nikolic-Paterson, D.J. Activation 
of the extracellular-signal regulated protein kinase pathway in human glomerulopathies. J Am 
Soc Nephrol 2004; 15: 1835-1843. 

111. Moyses, N.M., Costa, R.S., Volpini, R.A., Garcia, T.M., Rodrigues, F.F., Coimbra, T.M. 
Interstitial alterations in renal cortex in acute tubular necrosis (ATN) postrenal transplantation 
and in patients with ATN not related to renal transplant. Clin Transplant 2004; 18: 156-165. 

112. Bohle, A., Christ, H., Grund, K.E., Mackensen, S. The role of the interstitium of the renal 
cortex in renal disease. Contrib Nephrol 1979; 16: 109-114. 

113. Sakai, N., Wada, T., Furuichi, K., Iwata, Y., Yoshimoto, K., Kitagawa, K., Kokubo, S., 
Kobayashi, M., Takeda, S., Kida, H., Kobayashi, K., Mukaida, N., Matsushima, K., 
Yokoyama, H. p38 MAPK  phosphorylation and NF-kappa B activation in human crescentic 
glomerulonephritis. Nephrol Dial Transplant 2002; 17: 998-1004. 

114. Toyoda, M., Suzuki, D., Honma, M., Uehara, G., Sakai, T., Umezono, T., Sakai, H. High 
expression of PKC-MAPK pathway mRNAs correlates with glomerular lesions in human 
diabetic nephropathy. Kidney Int 2004; 66: 1107-1114. 

115. Boldt, S., Kolch, W. Targeting MAPK signalling: Prometheus' fire or Pandora's box? Curr 
Pharm Des 2004; 10: 1885-1905. 

116. Fijen, J.W., Zijlstra, J.G., De Boer, P., Spanjersberg, R., Cohen Tervaert, J.W., Van Der 
Werf, T.S., Ligtenberg, J.J., Tulleken, J.E. Suppression of the clinical and cytokine response 
to endotoxin by RWJ-67657, a p38 mitogen-activated protein-kinase inhibitor, in healthy 
human volunteers. Clin Exp Immunol 2001; 124: 16-20. 

117. Branger, J., van den, B.B., Weijer, S., Madwed, J., Bos, C.L., Gupta, A., Yong, C.L., Polmar, 
S.H., Olszyna, D.P., Hack, C.E., van Deventer, S.J., Peppelenbosch, M.P., van der, P.T. 
Anti-inflammatory effects of a p38 mitogen-activated protein kinase  inhibitor during human 
endotoxemia. J Immunol 2002; 168: 4070-4077. 

118.  Branger, J., van den, B.B., Weijer, S., Gupta, A., van Deventer, S.J., Hack, C.E., 
Peppelenbosch, M.P., van der, P.T. Inhibition of coagulation, fibrinolysis, and  endothelial cell 
activation by a p38 mitogen-activated protein kinase inhibitor during  human endotoxemia. 
Blood 2003; 101: 4446-4448. 

119. Regan, J., Breitfelder, S., Cirillo, P., Gilmore, T., Graham, A.G., Hickey, E., Klaus, B., 
Madwed, J., Moriak, M., Moss, N., Pargellis, C., Pav, S., Proto, A., Swinamer, A., Tong, L., 
Torcellini, C. Pyrazole urea-based inhibitors of p38 MAP kinase: from lead compound to 
clinical candidate. J Med Chem 2002; 45: 2994-3008. 

120. Pargellis, C., Tong, L., Churchill, L., Cirillo, P.F., Gilmore, T., Graham, A.G., Grob, P.M., 
Hickey, E.R., Moss, N., Pav, S., Regan, J. Inhibition of p38 MAP kinase by utilizing a novel 
allosteric binding site. Nat Struct Biol 2002; 9: 268-272. 

121. Hardy, L.W., Malikayil, A. The Impact of Structure-Guided Drug Design on Clinical Agents. 
http://www.currentdrugdiscovery.com/ (as of Dec 2003) 

122. Adams, J.L., Boehm, J.C., Kassis, S., Gorycki, P.D., Webb, E.F., Hall, R., Sorenson, M., Lee, 
J.C., Ayrton, A., Griswold, D.E., Gallagher, T.F. Pyrimidinylimidazole inhibitors of CSBP/p38 
kinase demonstrating decreased inhibition of hepatic cytochrome P450 enzymes. Bioorg 
Med Chem Lett 1998; 8: 3111-3116. 

123. Cuenda, A., Rouse, J., Doza, Y.N., Meier, R., Cohen, P., Gallagher, T.F., Young, P.R., Lee, 
J.C. SB 203580 is a specific inhibitor of a MAP kinase homologue which is stimulated by 
cellular stresses and interleukin-1. FEBS Lett 1995; 364: 229-233. 

124. Lee, J.C., Laydon, J.T., McDonnell, P.C., Gallagher, T.F., Kumar, S., Green, D., McNulty, D., 
Blumenthal, M.J., Heys, J.R., Landvatter, S.W. A protein kinase involved in the regulation of 
inflammatory cytokine biosynthesis. Nature 1994; 372: 739-746. 



Mitogen activated protein kinase signaling in the kidney: target for intervention? 
 

 51

125. Howard, M.O., Schwartz, L.W., Newton, J.F., Qualls, C.W., Jr., Yodis, L.A., Ventre, J.R. 
Comparative biochemical and morphometric changes associated with induction of the 
hepatic mixed function oxidase system in the rat. Toxicol Pathol 1991; 19: 115-122. 

126. Fijen, J.W., Tulleken, J.E., Kobold, A.C., De Boer, P., Van Der Werf, T.S., Ligtenberg, J.J., 
Spanjersberg, R., Zijlstra, J.G. Inhibition of p38 mitogen-activated protein kinase: dose-
dependent suppression of leukocyte and endothelial response after endotoxin challenge in 
humans. Crit Care Med 2002; 30: 841-845. 

127. Parasrampuria, D.A., De Boer, P., Desai-Krieger, D., Chow, A.T., Jones, C.R. Single-dose 
pharmacokinetics and pharmacodynamics of RWJ 67657, a specific p38 mitogen-activated 
protein kinase inhibitor: a first-in-human study. J Clin Pharmacol 2003; 43: 406-413. 

128. New, L., Li, Y., Ge, B., Zhong, H., Mansbridge, J., Liu, K., Han, J. SB203580 promotes EGF-
stimulated early morphological differentiation in PC12 cell through activating ERK pathway. J 
Cell Biochem 2001; 83: 585-596. 

129. Wang, X., Rao, J., Studzinski, G.P. Inhibition of p38 MAP kinase activity up-regulates 
multiple MAP kinase pathways and potentiates 1,25-dihydroxyvitamin D(3)-induced 
differentiation of human leukemia HL60 cells. Exp Cell Res 2000; 258: 425-437. 

130. Ushio-Fukai, M., Alexander, R.W., Akers, M., Griendling, K.K. p38 Mitogen-activated protein 
kinase is a critical component of the redox-sensitive signaling pathways activated by 
angiotensin II. Role in vascular smooth muscle cell hypertrophy. J Biol Chem 1998; 273: 
15022-15029. 

131. Li, X., Lee, J.W., Graves, L.M., Earp, H.S. Angiotensin II stimulates ERK via two pathways in 
epithelial cells: protein kinase C suppresses a G-protein coupled receptor-EGF receptor 
transactivation pathway. EMBO J 1998; 17: 2574-2583. 

132. Hsu, Y.H., Chen, J.J., Chang, N.C., Chen, C.H., Liu, J.C., Chen, T.H., Jeng, C.J., Chao, 
H.H., Cheng, T.H. Role of reactive oxygen species-sensitive extracellular signal-regulated 
kinase pathway in angiotensin II-induced endothelin-1 gene expression in vascular 
endothelial cells. J Vasc Res 2004; 41: 64-74. 

133. Parenti, A., Cui, X.L., Hopfer, U., Ziche, M., Douglas, J.G. Activation of MAPKs in proximal 
tubule cells from spontaneously hypertensive and control Wistar-Kyoto rats. Hypertension 
2000; 35: 1160-1166. 

134. Mazak, I., Fiebeler, A., Muller, D.N., Park, J.K., Shagdarsuren, E., Lindschau, C., Dechend, 
R., Viedt, C., Pilz, B., Haller, H., Luft, F.C. Aldosterone potentiates  angiotensin II-induced 
signaling in vascular smooth muscle cells. Circulation 2004; 109: 2792-2800. 

135. Naito, T., Masaki, T., Nikolic-Paterson, D.J., Tanji, C., Yorioka, N., Kohno, N.  Angiotensin II 
induces thrombospondin-1 production in human mesangial cells via  p38 MAPK and JNK: a 
mechanism for activation of latent TGF-beta1. Am J Physiol Renal Physiol 2004; 286: F278-
F287. 

136. Andreozzi, F., Laratta, E., Sciacqua, A., Perticone, F., Sesti, G. Angiotensin II impairs the 
insulin signaling pathway promoting production of nitric oxide by inducing phosphorylation of 
insulin receptor substrate-1 on Ser312 and Ser616 in human umbilical vein endothelial cells. 
Circ Res 2004; 94: 1211-1218. 

137. Costanzo, A., Moretti, F., Burgio, V.L., Bravi, C., Guido, F., Levrero, M., Puri, P.L. Endothelial 
activation by angiotensin II through NFkappaB and p38 pathways: Involvement of 
NFkappaB-inducible kinase (NIK), free oxygen radicals, and selective inhibition by aspirin. J 
Cell Physiol 2003; 195: 402-410. 

138. Schramek, H., Sorokin, A., Watson, R.D., Dunn, M.J. ET-1 and PDGF BB induce MEK 
mRNA and protein expression in mesangial cells. J Cardiovasc Pharmacol 1995; 26 Suppl 3: 
S95-S99. 

139. Graf, K., Xi, X.P., Yang, D., Fleck, E., Hsueh, W.A., Law, R.E. Mitogen-activated protein 
kinase activation is involved in platelet-derived growth factor-directed migration by vascular 
smooth muscle cells. Hypertension 1997; 29: 334-339. 



Chapter 2  
 

 52

140. Kawano, H., Kim, S., Ohta, K., Nakao, T., Miyazaki, H., Nakatani, T., Iwao, H. Differential 
contribution of three mitogen-activated protein kinases to PDGF-BB-induced mesangial cell 
proliferation and gene expression. J Am Soc Nephrol 2003; 14: 584-592. 

141. Zhan, Y., Kim, S., Izumi, Y., Izumiya, Y., Nakao, T., Miyazaki, H., Iwao, H. Role of JNK, p38, 
and ERK in platelet-derived growth factor-induced vascular proliferation, migration, and gene 
expression. Arterioscler Thromb Vasc Biol 2003; 23: 795-801. 

142. Ghiselli, G., Chen, J., Kaou, M., Hallak, H., Rubin, R. Ethanol inhibits fibroblast growth factor-
induced proliferation of aortic smooth muscle cells. Arterioscler Thromb Vasc Biol. 2003; 23: 
1808-1813. 

143. Fujita, Y., Maruyama, S., Kogo, H., Matsuo, S., Fujimoto, T. Caveolin-1 in mesangial cells 
suppresses MAP kinase activation and cell proliferation induced by bFGF and PDGF. Kidney 
Int 2004; 66: 1794-1804. 

144. Gifford, S.M., Grummer, M.A., Pierre, S.A., Austin, J.L., Zheng, J., Bird, I.M.  Functional 
characterization of HUVEC-CS: Ca2+ signaling, ERK 1/2 activation, mitogenesis and 
vasodilator production. J Endocrinol 2004; 182: 485-499. 

145. Izevbigie, E.B., Gutkind, J.S., Ray, P.E. Isoproterenol inhibits fibroblast growth factor-2-
induced growth of renal epithelial cells. Pediatr Nephrol 2000; 14: 726-734. 

146. Servant, M.J., Giasson, E., Meloche, S. Inhibition of growth factor-induced protein synthesis 
by a selective MEK inhibitor in aortic smooth muscle cells. J Biol Chem 1996; 271: 16047-
16052. 

147. Zhang, J., Fu, M., Myles, D., Zhu, X., Du, J., Cao, X., Chen, Y.E. PDGF induces 
osteoprotegerin expression in vascular smooth muscle cells by multiple signal pathways. 
FEBS Lett 2002; 521: 180-184. 

148. Jung, Y.D., Liu, W., Reinmuth, N., Ahmad, S.A., Fan, F., Gallick, G.E., Ellis, L.M. Vascular 
endothelial growth factor is upregulated by interleukin-1 beta in human vascular smooth 
muscle cells via the P38 mitogen-activated protein kinase pathway.  Angiogenesis 2001; 4: 
155-162. 

149. Rousseau, S., Houle, F., Landry, J., Huot, J. p38 MAP kinase activation by vascular 
endothelial growth factor mediates actin reorganization and cell migration in human 
endothelial cells. Oncogene 1997; 15: 2169-2177. 

150. Hayashida, T., Poncelet, A.C., Hubchak, S.C., Schnaper, H.W. TGF-beta1 activates MAP 
kinase in human mesangial cells: a possible role in collagen expression. Kidney Int 1999; 56: 
1710-1720. 

151. Rhyu, D.Y., Yang, Y., Ha, H., Lee, G.T., Song, J.S., Uh, S.T., Lee, H.B. Role of Reactive 
Oxygen Species in TGF-{beta}1-Induced Mitogen-Activated Protein Kinase Activation and 
Epithelial-Mesenchymal Transition in Renal Tubular Epithelial Cells. J Am Soc Nephrol 2005; 
16: 667-675. 

152. Riedy, M.C., Brown, M.C., Molloy, C.J., Turner, C.E. Activin A and TGF-beta  stimulate 
phosphorylation of focal adhesion proteins and cytoskeletal reorganization in rat aortic 
smooth muscle cells. Exp Cell Res 1999; 251: 194-202. 

153. Chen, Y.Q., Sloan-Lancaster, J., Berg, D.T., Richardson, M.A., Grinnell, B., Tseng-Crank, J. 
Differential mechanisms of plasminogen activator inhibitor-1 gene activation by transforming 
growth factor-beta and tumor necrosis factor-alpha in endothelial cells. Thromb Haemost 
2001; 86: 1563-1572. 

154. Chin, B.Y., Mohsenin, A., Li, S.X., Choi, A.M., Choi, M.E. Stimulation of pro-alpha(1)(I) 
collagen by TGF-beta(1) in mesangial cells: role of the p38 MAPK pathway. Am J Physiol 
Renal Physiol 2001; 280: F495-F504. 

155. Schiffer, M., Bitzer, M., Roberts, I.S., Kopp, J.B., ten Dijke, P., Mundel, P., Bottinger, E.P. 
Apoptosis in podocytes induced by TGF-beta and Smad7. J Clin Invest 2001;  108: 807-816. 



Mitogen activated protein kinase signaling in the kidney: target for intervention? 
 

 53

156. Dai, C., Yang, J., Liu, Y. Transforming growth factor-beta1 potentiates renal tubular epithelial 
cell death by a mechanism independent of Smad signaling. J Biol Chem 2003; 278: 12537-
12545. 

157. Yamamoto, T., Kozawa, O., Tanabe, K., Akamatsu, S., Matsuno, H., Dohi, S., Uematsu, T. 
Involvement of p38 MAP kinase in TGF-beta-stimulated VEGF synthesis in aortic smooth 
muscle cells. J Cell Biochem 2001; 82: 591-598. 

158. Duan, C. The chemotactic and mitogenic responses of vascular smooth muscle cells to 
insulin-like growth factor-I require the activation of ERK1/2. Mol Cell Endocrinol 2003; 206: 
75-83. 

159. Alric, C., Pecher, C., Cellier, E., Schanstra, J.P., Poirier, B., Chevalier, J., Bascands, J.L., 
Girolami, J.P. Inhibition of IGF-I-induced Erk 1 and 2 activation and mitogenesis in mesangial 
cells by bradykinin. Kidney Int 2002; 62: 412-421. 

160. Liu, W., Liu, Y., Lowe Jr, W.L., Jr. The role of phosphatidylinositol 3-kinase and the mitogen-
activated protein kinases in insulin-like growth factor-I-mediated effects in vascular 
endothelial cells. Endocrinology 2001; 142: 1710-1719. 

161. Senthil, D., Choudhury, G.G., Abboud, H.E., Sonenberg, N., Kasinath, B.S. Regulation of 
protein synthesis by IGF-I in proximal tubular epithelial cells. Am J Physiol Renal Physiol 
2002; 283: F1226-F1236. 

162. Guo, Y.L., Baysal, K., Kang, B., Yang, L.J., Williamson, J.R. Correlation between sustained 
c-Jun N-terminal protein kinase activation and apoptosis induced by tumor necrosis factor-
alpha in rat mesangial cells. J Biol Chem 1998; 273: 4027-4034. 

163. Li, M., Mossman, B.T., Kolpa, E., Timblin, C.R., Shukla, A., Taatjes, D.J., Fukagawa, N.K. 
Age-related differences in MAP kinase activity in VSMC in response to glucose or TNF-
alpha. J Cell Physiol 2003; 197: 418-425. 

164. Lee, O.H., Bae, S.K., Bae, M.H., Lee, Y.M., Moon, E.J., Cha, H.J., Kwon, Y.G., Kim, K.W. 
Identification of angiogenic properties of insulin-like growth factor II in in vitro angiogenesis 
models. Br J Cancer 2000;82: 385-391. 

165. Miggin, S.M., Kinsella, B.T. Regulation of extracellular signal-regulated kinase cascades by 
alpha- and beta-isoforms of the human thromboxane A(2) receptor. Mol Pharmacol 2002; 61: 
817-831. 

166. Nose, A., Mori, Y., Uchiyama-Tanaka, Y., Kishimoto, N., Maruyama, K., Matsubara, H., 
Iwasaka, T. Regulation of glucose transporter (GLUT1) gene expression by angiotensin II in 
mesangial cells: involvement of HB-EGF and EGF receptor transactivation. Hypertens Res 
2003; 26: 67-73. 

167. Ramachandiran, S., Huang, Q., Dong, J., Lau, S.S., Monks, T.J. Mitogen-activated protein 
kinases contribute to reactive oxygen species-induced cell death in renal proximal tubule 
epithelial cells. Chem Res Toxicol 2002; 15: 1635-1642. 

168. Uchiyama-Tanaka, Y., Matsubara, H., Nozawa, Y., Murasawa, S., Mori, Y., Kosaki,  A., 
Maruyama, K., Masaki, H., Shibasaki, Y., Fujiyama, S., Nose, A., Iba, O., Hasagawa, T., 
Tateishi, E., Higashiyama, S., Iwasaka, T. Angiotensin II signaling and HB-EGF shedding via 
metalloproteinase in glomerular mesangial cells. Kidney Int 2001; 60: 2153-2163. 

169. Sauvant, C., Hesse, D., Holzinger, H., Evans, K.K., Dantzler, W.H., Gekle, M. Action of EGF 
and PGE2 on basolateral organic anion uptake in rabbit proximal renal tubules and hOAT1 
expressed in human kidney epithelial cells. Am J Physiol Renal Physiol 2004; 286: F774-
F783. 

170. Karmann, K., Min, W., Fanslow, W.C., Pober, J.S. Activation and homologous 
desensitization of human endothelial cells by CD40 ligand, tumor necrosis factor, and 
interleukin 1. J Exp Med 1996; 184: 173-182. 

171. Guan, Z., Tetsuka, T., Baier, L.D., Morrison, A.R. Interleukin-1 beta activates c-jun NH2-
terminal kinase subgroup of mitogen-activated protein kinases in mesangial cells. Am J 
Physiol 1996; 270: F634-F641. 



Chapter 2  
 

 54

172. Khan, K.M., Falcone, D.J., Kraemer, R. Nerve growth factor activation of Erk-1 and Erk-2 
induces matrix metalloproteinase-9 expression in vascular smooth muscle cells. J Biol Chem 
2002; 277: 2353-2359. 

173. Watts, B.A., III, Good, D.W. ERK mediates inhibition of Na(+)/H(+) exchange and HCO(3)(-) 
absorption by nerve growth factor in MTAL. Am J Physiol Renal Physiol 2002; 282: F1056-
F1063. 

174. Li, H., Nord, E.P. CD40 ligation stimulates MCP-1 and IL-8 production, TRAF6 recruitment, 
and MAPK activation in proximal tubule cells. Am J Physiol Renal Physiol 2002; 282: F1020-
F1033. 

175. Leonard, M., Ryan, M.P., Watson, A.J., Schramek, H., Healy, E. Role of MAP kinase 
pathways in mediating IL-6 production in human primary mesangial and proximal tubular 
cells. Kidney Int 1999; 56: 1366-1377. 

176. Peppel, K., Zhang, L., Orman, E.S., Hagen, P.O., Amalfitano, A., Brian, L., Freedman, N.J. 
Activation of vascular smooth muscle cells by TNF and PDGF: overlapping and 
complementary signal transduction mechanisms. Cardiovasc Res 2005; 65: 674-682. 

177. Ridley, S.H., Sarsfield, S.J., Lee, J.C., Bigg, H.F., Cawston, T.E., Taylor, D.J., DeWitt, D.L., 
Saklatvala, J. Actions of IL-1 are selectively controlled by p38 mitogen-activated protein 
kinase: regulation of prostaglandin H synthase-2, metalloproteinases, and IL-6 at different 
levels. J Immunol 1997; 158: 3165-3173. 

178. Guan, Z., Baier, L.D., Morrison, A.R. p38 mitogen-activated protein kinase down-regulates 
nitric oxide and up-regulates prostaglandin E2 biosynthesis stimulated by interleukin-1beta. J 
Biol Chem 1997; 272: 8083-8089. 

179. Goetze, S., Kintscher, U., Kaneshiro, K., Meehan, W.P., Collins, A., Fleck, E., Hsueh, W.A., 
Law, R.E.TNFalpha induces expression of transcription factors c-fos, Egr-1, and Ets-1 in 
vascular lesions through extracellular signal-regulated kinases 1/2. Atherosclerosis 2001; 
159: 93-101. 

180. Guo, Y.L., Kang, B., Yang, L.J., Williamson, J.R. Tumor necrosis factor-alpha and ceramide 
induce cell death through different mechanisms in rat mesangial cells. Am J Physiol 1999; 
276: F390-F397. 

181. Mechtcheriakova, D., Schabbauer, G., Lucerna, M., Clauss, M., De Martin, R., Binder, B.R., 
Hofer, E. Specificity, diversity, and convergence in VEGF and TNF- alpha signaling events 
leading to tissue factor up-regulation via EGR-1 in endothelial cells. FASEB J 2001; 15: 230-
242. 

182. Hull, C., McLean, G., Wong, F., Duriez, P.J., Karsan, A. Lipopolysaccharide signals an 
endothelial apoptosis pathway through TNF receptor-associated factor 6-mediated activation 
of c-Jun NH2-terminal kinase. J Immunol 2002; 169: 2611-2618. 

183. Tsuboi, N., Yoshikai, Y., Matsuo, S., Kikuchi, T., Iwami, K., Nagai, Y., Takeuchi, O., Akira, S., 
Matsuguchi, T. Roles of toll-like receptors in C-C chemokine production by renal tubular 
epithelial cells. J Immunol 2002; 169: 2026-2033. 

184. MacKenzie, C.J., Paul, A., Wilson, S., De Martin, R., Baker, A.H., Plevin, R. Enhancement of 
lipopolysaccharide-stimulated JNK activity in rat aortic smooth muscle cells by 
pharmacological and adenovirus-mediated inhibition of inhibitory kappa B kinase signalling. 
Br J Pharmacol 2003; 139: 1041-1049. 

185. Hermann, A., Schror, K., Weber, A.A. CD40 ligand (CD40L) does not stimulate proliferation 
of vascular smooth muscle cells. Eur J Cell Biol 2002; 81: 213-221. 

186. Houliston, R.A., Pearson, J.D., Wheeler-Jones, C.P. Agonist-specific cross talk between 
ERKs and p38(mapk) regulates PGI(2) synthesis in endothelium. Am J Physiol Cell Physiol 
2001; 281: C1266-C1276. 

187. Wilmer, W.A., Tan, L.C., Dickerson, J.A., Danne, M., Rovin, B.H. Interleukin-1beta induction 
of mitogen-activated protein kinases in human mesangial cells. Role of oxidation. J Biol 
Chem 1997; 272: 10877-10881. 



Mitogen activated protein kinase signaling in the kidney: target for intervention? 
 

 55

188. Gurjar, M.V., DeLeon, J., Sharma, R.V., Bhalla, R.C. Mechanism of inhibition of matrix 
metalloproteinase-9 induction by NO in vascular smooth muscle cells. J Appl  Physiol 2001; 
91: 1380-1386. 

189. Li, Y.S., Shyy, J.Y., Li, S., Lee, J., Su, B., Karin, M., Chien, S. The Ras-JNK pathway  is 
involved in shear-induced gene expression. Mol Cell Biol 1996; 16: 5947-5954. 

190.  Ingram, A.J., Ly, H., Thai, K., Kang, M.J., Scholey, J.W. Mesangial cell signaling cascades 
in response to mechanical strain and glucose. Kidney Int 1999; 56: 1721-1728. 

191. Li, C., Hu, Y., Mayr, M., Xu, Q. Cyclic strain stress-induced mitogen-activated protein kinase 
(MAPK) phosphatase 1 expression in vascular smooth muscle cells is regulated by Ras/Rac-
MAPK pathways. J Biol Chem 1999; 274: 25273-25280. 

192. Miljkovic, D., Cvetkovic, I., Vuckovic, O., Stosic-Grujicic, S., Mostarica Stojkovic, M., 
Trajkovic, V. The role of interleukin-17 in inducible nitric oxide synthase-mediated nitric oxide 
production in endothelial cells. Cell Mol Life Sci 2003; 60: 518-525. 

193. Uciechowski, P., Saklatvala, J., der Ohe, J., Resch, K., Szamel, M., Kracht, M. Interleukin 1 
activates jun N-terminal kinases JNK1 and JNK2 but not extracellular regulated MAP kinase 
(ERK) in human glomerular mesangial cells. FEBS Lett 1996; 394: 273-278. 

194. Ishikawa, Y., Kitamura, M. Anti-apoptotic effect of quercetin: intervention in the JNK- and 
ERK-mediated apoptotic pathways. Kidney Int 2000; 58: 1078-1087. 

195. Mietus-Snyder, M., Glass, C.K., Pitas, R.E. Transcriptional activation of scavenger receptor 
expression in human smooth muscle cells requires AP-1/c-Jun and C/EBPbeta: both AP-1 
binding and JNK activation are induced by phorbol esters and oxidative stress. Arterioscler 
Thromb Vasc Biol 1998 18: 1440-1449. 

196. Koh, Y.H., Che, W., Higashiyama, S., Takahashi, M., Miyamoto, Y., Suzuki, K., Taniguchi, N. 
Osmotic stress induces HB-EGF gene expression via Ca(2+)/Pyk2/JNK signal cascades in 
rat aortic smooth muscle cells. J Biochem (Tokyo) 2001; 130: 351-358. 

197. Hippenstiel, S., Soeth, S., Kellas, B., Fuhrmann, O., Seybold, J., Krull, M., Eichel-Streiber, 
C., Goebeler, M., Ludwig, S., Suttorp, N. Rho proteins and the p38-MAPK pathway are 
important mediators for LPS-induced interleukin-8 expression in human endothelial cells. 
Blood 2000; 95: 3044-3051. 

198. Yamakawa, T., Eguchi, S., Matsumoto, T., Yamakawa, Y., Numaguchi, K., Miyata, I., 
Reynolds, C.M., Motley, E.D., Inagami, T. Intracellular signaling in rat cultured vascular 
smooth muscle cells: roles of nuclear factor-kappaB and p38 mitogen-activated protein 
kinase on tumor necrosis factor-alpha production. Endocrinology 1999; 140: 3562-3572. 

199. Nakamura, A., Imaizumi, A., Yanagawa, Y., Niimi, R., Kohsaka, T. Suppression of tumor 
necrosis factor-alpha by beta2-adrenoceptor activation: role of mitogen-activated protein 
kinases in renal mesangial cells. Inflamm Res 2003; 52: 26-31. 

200. Schumann, R.R., Pfeil, D., Lamping, N., Kirschning, C., Scherzinger, G., Schlag, P., 
Karawajew, L., Herrmann, F. Lipopolysaccharide induces the rapid tyrosine phosphorylation 
of the mitogen-activated protein kinases erk-1 and p38 in cultured human vascular 
endothelial cells requiring the presence of soluble CD14. Blood 1996; 87: 2805-2814. 

201. Zampetaki, A., Zhang, Z., Hu, Y., Xu, Q. Biomechanical Stress Induces IL-6  Expression in 
Smooth Muscle Cells via Ras/Rac1-p38 MAPK-NF-{kappa}B Signalling Pathways. Am J 
Physiol Heart Circ Physiol 2005; 288(6): 1059-69 

202. Azuma, N., Akasaka, N., Kito, H., Ikeda, M., Gahtan, V., Sasajima, T., Sumpio, B.E. Role of 
p38 MAP kinase in endothelial cell alignment induced by fluid shear stress. Am J Physiol 
Heart Circ Physiol 2001; 280: H189-H197. 

203. Martineau, L.C., McVeigh, L.I., Jasmin, B.J., Kennedy, C.R. p38 MAP kinase  mediates 
mechanically induced COX-2 and PG EP4 receptor expression in podocytes: implications for 
the actin cytoskeleton. Am J Physiol Renal Physiol 2004; 286: F693-F701. 



Chapter 2  
 

 56

204. Pearce, M.J., McIntyre, T.M., Prescott, S.M., Zimmerman, G.A., Whatley, R.E. Shear stress 
activates cytosolic phospholipase A2 (cPLA2) and MAP kinase in human endothelial cells. 
Biochem Biophys Res Commun 1996; 218: 500-504. 

205. Ishida, T., Haneda, M., Maeda, S., Koya, D., Kikkawa, R. Stretch-induced overproduction of 
fibronectin in mesangial cells is mediated by the activation of mitogen-activated protein 
kinase. Diabetes 1999; 48: 595-602. 

206. Alexander, L.D., Alagarsamy, S., Douglas, J.G. Cyclic stretch-induced cPLA2  mediates ERK 
1/2 signaling in rabbit proximal tubule cells. Kidney Int 2004; 65: 551-563. 

207. Min do, S., Shin, E.Y., Kim, E.G. The p38 mitogen-activated protein kinase is  involved in 
stress-induced phospholipase D activation in vascular smooth muscle cells. Exp Mol Med 
2002; 34: 38-46. 

208. Pontrelli, P., Ranieri, E., Ursi, M., Ghosh-Choudhury, G., Gesualdo, L., Paolo  Schena, F., 
Grandaliano, G. jun-N-terminal kinase regulates thrombin-induced PAI-1 gene expression in 
proximal tubular epithelial cells. Kidney Int 2004; 65: 2249-2261. 

209. Sheikh-Hamad, D., Di Mari, J., Suki, W.N., Safirstein, R., Watts, B.A., III, Rouse, D. p38 
kinase activity is essential for osmotic induction of mRNAs for HSP70 and transporter for 
organic solute betaine in Madin-Darby canine kidney cells. J Biol Chem 1998; 273: 1832-
1837. 

210. Ho, F.M., Liu, S.H., Liau, C.S., Huang, P.J., Lin-Shiau, S.Y. High glucose-induced apoptosis 
in human endothelial cells is mediated by sequential activations of c-Jun NH(2)-terminal 
kinase and caspase-3. Circulation 2000; 101: 2618-2624. 

211. Olivot, J.M., Estebanell, E., Lafay, M., Brohard, B., Aiach, M., Rendu, F. Thrombomodulin 
prolongs thrombin-induced extracellular signal-regulated kinase phosphorylation and nuclear 
retention in endothelial cells. Circ Res 2001; 88: 681-687. 

212. El Mowafy, A.M., White, R.E. Resveratrol inhibits MAPK activity and nuclear translocation in 
coronary artery smooth muscle: reversal of endothelin-1 stimulatory  effects. FEBS Lett 1999; 
451: 63-67. 

213. Araki, S., Haneda, M., Togawa, M., Kikkawa, R. Endothelin-1 activates c-Jun NH2-terminal 
kinase in mesangial cells. Kidney Int 1997; 51: 631-639. 

214. Haneda, M., Araki, S., Togawa, M., Sugimoto, T., Isono, M., Kikkawa, R. Mitogen-activated 
protein  kinase cascade is activated in glomeruli of diabetic rats and glomerular mesangial 
cells cultured under high glucose conditions. Diabetes 1997; 46: 847-853. 

215. Hoshi, S., Nomoto, K., Kuromitsu, J., Tomari, S., Nagata, M. High glucose induced VEGF 
expression via PKC and ERK in glomerular podocytes. Biochem Biophys Res Commun 
2002; 290: 177-184. 

216. Xin, X., Khan, Z.A., Chen, S., Chakrabarti, S. Extracellular signal-regulated kinase (ERK) in 
glucose- induced and endothelin-mediated fibronectin synthesis. Lab Invest 2004; 84: 1451-
1459. 

217. Pfeilschifter, J., Huwiler, A. Nitric oxide stimulates stress-activated protein kinases in 
glomerular endothelial and mesangial cells. FEBS Lett 1996; 396: 67-70. 

218. Koh, Y.H., Suzuki, K., Che, W., Park, Y.S., Miyamoto, Y., Higashiyama, S., Taniguchi, N. 
Inactivation of glutathione peroxidase by NO leads to the accumulation of H2O2 and the 
induction of HB-EGF via c-Jun NH2-terminal kinase in rat aortic smooth muscle cells. FASEB 
J 2001; 15: 1472-1474. 

219. Marin, V., Farnarier, C., Gres, S., Kaplanski, S., Su, M.S., Dinarello, C.A., Kaplanski,  G. 
The p38 mitogen-activated protein kinase pathway plays a critical role in thrombin-induced 
endothelial chemokine production and leukocyte recruitment. Blood 2001; 98: 667-673. 

220. Kanda, Y., Mizuno, K., Kuroki, Y., Watanabe, Y. Thrombin-induced p38 mitogen-activated 
protein kinase activation is mediated by epidermal growth factor receptor transactivation 
pathway. Br J Pharmacol 2001; 132: 1657-1664. 



Mitogen activated protein kinase signaling in the kidney: target for intervention? 
 

 57

221. Yoshizumi, M., Kagami, S., Suzaki, Y., Tsuchiya, K., Houchi, H., Hisayama, T., Fukui, H., 
Tamaki, T. Effect of endothelin-1 (1-31) on human mesangial cell  proliferation. Jpn J 
Pharmacol 2000; 84: 146-155. 

222. Yue, T.L., Wang, X., Louden, C.S., Gupta, S., Pillarisetti, K., Gu, J.L., Hart, T.K., 
Lysko, P.G., Feuerstein, G.Z. 2-Methoxyestradiol, an endogenous estrogen metabolite, 
induces apoptosis in endothelial cells and inhibits angiogenesis: possible role for stress-
activated protein kinase signaling pathway and Fas expression. Mol  Pharmacol 1997; 51: 
951-962. 

223. Mori-Abe, A., Tsutsumi, S., Takahashi, K., Toya, M., Yoshida, M., Du, B., Kawagoe, J., 
Nakahara, K., Takahashi, T., Ohmichi, M., Kurachi, H. Estrogen and raloxifene 
induce apoptosis by activating p38 mitogen-activated protein kinase cascade in 
synthetic vascular smooth muscle cells. J Endocrinol 2003; 178: 417-426. 

224. Wilmer, W.A., Dixon, C.L., Hebert, C. Chronic exposure of human mesangial cells to high 
glucose environments activates the p38 MAPK pathway. Kidney Int 2001; 60:  858-871. 

225. Kang, M.J., Wu, X., Ly, H., Thai, K., Scholey, J.W. Effect of glucose on stress-activated 
protein kinase activity in mesangial cells and diabetic glomeruli. Kidney Int 1999; 55: 2203-
2214. 

226. Kang, S.W., Natarajan, R., Shahed, A., Nast, C.C., Lapage, J., Mundel, P., Kashtan, C., 
Adler, S.G. Role of 12-lipoxygenase in the stimulation of p38 mitogen-activated protein 
kinase and collagen alpha5(IV) in experimental diabetic nephropathy and in glucose-
stimulated podocytes. J Am Soc Nephrol 2003 14: 3178-3187. 

227. Fraser, D., Brunskill, N., Ito, T., Phillips, A. Long-term exposure of proximal tubular 
epithelial cells to glucose induces transforming growth factor-beta 1 synthesis via an 
autocrine PDGF loop. Am J Pathol 2003; 163: 2565-2574. 

228. Igarashi, M., Wakasaki, H., Takahara, N., Ishii, H., Jiang, Z.Y., Yamauchi, T.,  Kuboki, K., 
Meier, M., Rhodes, C.J., King, G.L. Glucose or diabetes activates p38 mitogen-activated 
protein kinase via different pathways. J Clin Invest 1999; 103: 185-195. 

229. Chin, C., Akhtar, M.J., Rosenthal, D.N., Bernstein, D. Safety and utility of the routine 
surveillance biopsy in pediatric patients 2 years after heart transplantation. J Pediatr
2000; 136: 238-242. 

230. Inui, D., Yoshizumi, M., Suzaki, Y., Kirima, K., Tsuchiya, K., Houchi, H., Kagami, S., Tamaki, 
T. Effect of endothelin-1(1-31) on p38 mitogen-activated protein kinase in cultured human 
mesangial cells. Life Sci 2000; 68: 635-645. 

231. Razandi, M., Pedram, A., Park, S.T., Levin, E.R. Proximal events in signaling by plasma 
membrane estrogen receptors. J Biol Chem 2003; 278: 2701-2712. 

232. Guccione, M., Silbiger, S., Lei, J., Neugarten, J. Estradiol upregulates mesangial cell MMP-2 
activity via the transcription factor AP-2. Am J Physiol Renal Physiol 2002; 282: F164-F169. 

233. Finlay, G.A., Hunter, D.S., Walker, C.L., Paulson, K.E., Fanburg, B.L. Regulation of PDGF 
production and ERK activation by estrogen is associated with TSC2 gene expression. Am J 
Physiol Cell Physiol 2003; 285: C409-C418. 

234. Fukai, T., Siegfried, M.R., Ushio-Fukai, M., Cheng, Y., Kojda, G., Harrison, D.G. 
Regulation of the vascular extracellular superoxide dismutase by nitric oxide and exercise 
training. J Clin Invest 2000; 105: 1631-1639. 

235. Huwiler, A., Pfeilschifter, J. Nitric oxide stimulates the stress-activated protein kinase p38 in 
rat renal mesangial cells. J Exp Biol 1999; 202: 655-660. 

236. Gousseva, N., Kugathasan, K., Chesterman, C.N., Khachigian, L.M. Early growth response 
factor-1 mediates insulin-inducible vascular endothelial cell proliferation and regrowth after 
injury. J Cell Biochem 2001; 81: 523-534. 

237. Hiromura, K., Monkawa, T., Petermann, A.T., Durvasula, R.V., Shankland, S.J. Insulin is a 
potent survival factor in mesangial cells: role of the PI3-kinase/Akt pathway. Kidney Int 2002; 
61: 1312-1321. 



Chapter 2  
 

 58

238. Bhandari, B.K., Feliers, D., Duraisamy, S., Stewart, J.L., Gingras, A.C., Abboud, H.E., 
Choudhury, G.G., Sonenberg, N., Kasinath, B.S. Insulin regulation of protein translation 
repressor 4E-BP1, an eIF4E-binding protein, in renal epithelial cells. Kidney Int 2001; 59: 
866-875. 

239. Razandi, M., Pedram, A., Levin, E.R. Estrogen signals to the preservation of endothelial cell 
form and function. J Biol Chem 2000; 275: 38540-38546. 

240. Bernier, S.G., Haldar, S., Michel, T. Bradykinin-regulated interactions of the mitogen-
activated protein kinase pathway with the endothelial nitric-oxide synthase. J Biol 
Chem 2000; 275: 30707-30715. 

241. El Dahr, S.S., Dipp, S., Baricos, W.H. Bradykinin stimulates the ERK-->Elk-1-- >Fos/AP-1 
pathway in mesangial cells. Am J Physiol 1998; 275: F343-F352. 

242. Velarde, V., de la Cerda, P.M., Duarte, C., Arancibia, F., Abbott, E., Gonzalez, A., 
Moreno, F., Jaffa, A.A. Role of reactive oxygen species in bradykinin-induced  proliferation of 
vascular smooth muscle cells. Biol Res 2004; 37: 419-430. 

243. Madonna, R., Pandolfi, A., Massaro, M., Consoli, A., De Caterina, R. Insulin enhances 
vascular cell adhesion molecule-1 expression in human cultured endothelial cells through a 
pro-atherogenic pathway mediated by p38 mitogen-activated protein-kinase. Diabetologia 
2004; 47: 532-536. 

244. Begum, N., Ragolia, L., Rienzie, J., McCarthy, M., Duddy, N. Regulation of mitogen-
activated protein kinase phosphatase-1 induction by insulin in vascular smooth muscle cells. 
Evaluation of the role of the nitric oxide signaling pathway and potential defects in 
hypertension. J Biol Chem 1998; 273: 25164-25170. 

245. Grewal, J.S., Mukhin, Y.V., Garnovskaya, M.N., Raymond, J.R., Greene, E.L.  Serotonin 5-
HT2A receptor induces TGF-beta1 expression in mesangial cells via ERK: proliferative and 
fibrotic signals. Am J Physiol 1999; 276: F922-F930. 

246. Watts, S.W. Serotonin activates the mitogen-activated protein kinase pathway in 
vascular smooth muscle: use of the mitogen-activated protein kinase kinase inhibitor 
PD098059. J Pharmacol Exp Ther 1996; 279: 1541-1550. 

247. Dunlop, M.E., Muggli, E.E. Small heat shock protein alteration provides a mechanism to 
reduce mesangial cell contractility in diabetes and oxidative stress. Kidney Int 2000; 57: 464-
475. 

248. Masaki, T., Foti, R., Hill, P.A., Ikezumi, Y., Atkins, R.C., Nikolic-Paterson, D.J. Activation of 
the ERK pathway precedes tubular proliferation in the obstructed rat kidney. Kidney Int 2003; 
63: 1256-1264. 

 
 
 



Mitogen activated protein kinase signaling in the kidney: target for intervention? 
 

25 
 

 
 
 

CHAPTER 3 
 
 
 
 

Profiling of the renal kinome identifies protein kinase pathways 
involved in angiotensin II-dependent hypertensive renal damage 

 
 
 
 
 
 

 
 
 
 
 
 
 

De Borst MH, Diks SH, Van Dalen MBA, Schellings MW, Bolbrinker J, 
Peppelenbosch MP, Pinto YM, Kreutz R, Navis GJ, Van Goor H 

 
 

Provisionally accepted Am J Physiol Renal Physiol 2006 
 
 
 
 



Chapter 3  
 

 60

Abstract 
 
Regulation of protein kinase activities is crucial in both physiology and disease, but analysis is 
hampered by the multitude and complexity of kinase networks. We used novel peptide array 
chips containing 1152 known kinase substrate sequences to profile different kinase activities 
in renal lysates from homozygous Ren2 rats, a model characterized by hypertension and 
angiotensin II (AngII)-mediated renal fibrosis, compared to Sprague Dawley (SD) controls and 
Ren2 rats treated with an ACE inhibitor (ACEi). 
Five-wk old homozygous Ren2 rats were left untreated or treated with the ACEi ramipril (1 
mg/kg/day) for 4 wks; age-matched SD rats served as controls (n=5, each). Peptide array 
chips were incubated with renal cortical lysates in the presence of radioactively labeled ATP. 
Radioactivity incorporated into the substrate motifs was measured to quantify kinase activity. 
A number of kinases with modulated activities, which might contribute to renal damage, were 
validated by Western Blot, immunoprecipitation and immunohistochemistry. 
Relevant kinases identified by the peptide array and confirmed using conventional techniques 

included p38 MAP kinase and PDGFRβ, which were increased in Ren2 and reversed by 
ACEi. Furthermore, insulin receptor signaling was reduced in Ren2 vs control rats, and G-
protein-coupled receptor kinase (GRK) activity decreased in Ren2+ACEi vs untreated Ren2. 
Array-based profiling of tissue kinase activities in AngII-mediated renal damage provides a 
powerful tool in identification of relevant kinase pathways in vivo and may lead to novel 
strategies for therapy. 
 
 

Introduction 
 
Phosphorylation by protein kinases is among the most studied signaling mechanisms in 
biomedical research. Yet the study of protein kinase signaling is limited by the extensive 
number of kinases and substrates in the mammalian proteome, the enormous complexity of 
signaling pathways and cross-talk between signaling pathways. The recent development of 
kinase arraying technology similar to gene and protein arrays forms a first step towards 
interpretation of the mammalian kinome, i.e. the complete set of kinases (1).  
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Kinase array technology can contribute to the identification of novel signaling pathways, as 
demonstrated in human peripheral blood mononuclear cells (PBMCs), T cells and adipocytes 
(3T3-L1) (2;3). However, the application of kinase array technology covering a significant part 
of the mammalian kinome is thus far limited to studies in cultured cells. Simultaneous analysis 
of a large number of kinases in normal and diseased tissues would provide a variety of novel 
information on kinase signaling in physiology and pathophysiology. 
In the kidney, kinase activation is pivotal in both physiology and disease (4). Both animals 
and patients demonstrate increased activation of numerous kinases (e.g. mitogen activated 
protein (MAP) kinases) in renal disease compared to healthy subjects (5;6). Moreover, 
specific pharmacological inhibition of MAP kinases reduces renal fibrosis in experimental 
models (7;8). Yet kinase inhibition can also deteriorate renal disease, presumably through 
induction of alternative signaling pathways (9). Thus, it is very important to discover specific 
targets for intervention appropriate under particular conditions, as well as to study the effect 
of intervention on specific kinases in signaling pathways. 
Hypertension is an important and widely prevalent risk factor for the development of chronic 
kidney disease (CKD), which may progress to end-stage renal disease. In spite of current 
regimens (e.g. ACE inhibitors, AT1 receptor blockers) which may halt or even reverse renal 
disease progression, the prevalence of ESRD is increasing (10;11). Thus, it is crucial to 
identify novel targets for intervention in hypertensive renal damage.  
In the present study we screened renal kinase activities in homozygous Ren2 rats, a model of 
angiotensin II-mediated hypertensive renal damage, control rats and Ren2 rats treated with 
an ACE inhibitor, a well-defined intervention to reduce renal fibrosis (12). Our primary target 
was to investigate whether this novel kinase array technology could indeed detect relevant 
protein kinases involved in hypertensive renal damage.  
 
 

Methods 
 
Animals 

Homozygous male TGR(mRen2)27 (Ren2) rats were obtained from the Campus Benjamin 
Franklin in Berlin, Germany, and male Sprague Daley (SD) rats were purchased from Charles 
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River Laboratories (Sulzfeld, Germany). Animals were studied in compliance with institutional 
regulations. Rats were grouped (n=5, each) under conditions of regular 12-h diurnal cycles 
and climate-controlled conditions at 22°C, received standard diet and had free access to food 
and water. Ren2 rats were randomly assigned to treatment groups at birth. After weaning at 
the age of 4 weeks, homozygous Ren2 rats were treated with the ACE inhibitor (ACEi) 
ramipril (1 mg/kg/day) in drinking water (Ren2+ACEi) (Aventis Pharma Deutschland GmbH, 
Frankfurt am Main, Germany) (13) or left untreated. Age-matched SD rats served as controls. 
Systolic blood pressure was measured in 8-wk old male Ren2, Ren2+ACEi, and SD rats 
under slight ether anesthesia by tail-cuff method. Animals were placed in metabolic cages for 
24 h to collect urine samples for urinary albumin excretion measurement. 
At the age of 8 weeks rats were sacrificed. The kidneys were rapidly excised, rinsed, and 
dried. A cross section of the left kidney was fixed in methacarn solution (60% methanol, 30% 
chloroform, and 10% acetic acid) for 24 h, which was then changed to 80% ethanol until 
further dehydration and embedding in paraffin. The rest of the kidney was separated into 
cortex and medulla and immediately frozen in liquid nitrogen and stored at –80°C until further 
analysis.  
 
Antibodies 

For Western Blottnig and immunoprecipitation, we used primary antibodies against phospho-
p38 MAP kinase (pp38(Tyr180/Thr182), Cell Signaling Technology (CST), #9211), platelet-

derived growth factor receptor β(PDGFRβ, CST, #3162), and α-smooth muscle actin (SMA, 
clone 1A4, Sigma Chemical Co., St. Louis, MO, USA). For immunostaining, we used separate 

antibodies against pp38 (CST, #4631) and PDGFRβ (Santa Cruz Biotechnology, Santa Cruz, 

CA, sc-432). Antibodies against housekeeping proteins β-actin and GAPDH were purchased 
from Santa Cruz.  
 
Renal morphology 

Midcoronal sections of kidneys, routinely stained with periodic acid-Schiff, were scored for 
glomerular mesangial matrix expansion (MME) and focal glomerular sclerosis (FGS) as 
described previously (14). Briefly, MME was scored positive if broadening of mesangial areas 
was 2-3 times that of the mesangial width seen in glomeruli of control renal tissue. FGS was 
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scored positive if collapse of capillary lumina, MME, hyalinosis and adhesion of the 
glomerular tuft to Bowman’s capsule were simultaneously present. Glomeruli were scored for 
MME and FGS as follows: unaffected glomeruli were scored as 0, if one glomerular quadrant 
was affected a score of 1 was given, two quadrants affected was scored as 2, 3 quadrants 
affected was scored as 3, and if all quadrants were positive for MME or FGS, a score of 4 
was given. Mean glomerular MME or FGS scores were calculated. Interstitial fibrosis was 
scored positive when tubular atrophy and broadening of the peritubular compartment were 
simultaneously present. Scores of 0-4 were assigned: a score of 0 indicated no interstitial 
fibrosis, a score of 1 indicated 0-25% involvement of the total interstitial surface of the biopsy, 
a score of 2 indicated 25-50% involvement, a score of 3 indicated 50-75% involvement, and a 
score of 4 indicated 75-100% involvement. 
To adjudge interstitial myofibroblast transformation, an early event in interstitial fibrosis, 

paraffin sections were immunohistochemically stained for α-smooth muscle actin (SMA) as 
described below. The percentage of SMA-positive staining per tubulointerstitial field was 
quantified by computerized morphometry (7). 
 
Kinase array 

For kinase array experiments, PepChip Kinase arrays (Pepscan Systems, Lelystad, the 
Netherlands, www.pepscan.nl) were used. Renal cortical tissue was lysed in cell lysis buffer 
(20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 

mM sodium pyrophosphate, 1 mM MgCl2, 1 mM β-glycerophosphate, 1 mM Na3VO4, 1 mM 
NaF, 1 µg/ml leupeptin, 1 µg/ml aprotinin, 1 mM PMSF) using a dounce homogenizer. After 
lysis the volume of the cell lysate was equalized with lysis buffer. The kinase array was then 
performed according to the supplied protocol (http://pepscan.nl/pdf/Manual%20PepChip 
%20Kinase%200203.pdf). In short, the cell lysates were spun down and cleared on a 0.22-
µm filter. 10 µl of peptide array incubation mix (50% glycerol, 50 µM ATP, 0.05% v/v Brij-35, 
0.25 mg/ml bovine serum albumin, [ -33P]ATP (1 MBq)) was added to the lysate. Next, the 
peptide array mix was loaded onto the chip and allowed to phosphorylate the substrates for 
90 minutes at 37 °C in a humidified stove. Subsequently the peptide array was washed twice 
with Tris-buffered saline with 0.1% Triton X-100, twice in 2 M NaCl, and twice in 
demineralized H2O and then air-dried. The experiments were performed three times in 



Chapter 3  
 

 64

duplicate. The amount of incorporated activity on the chip was detected using a STORM 860 
(General Electric) scanner and analyzed with array software (ScanAlyze, Eisen Software). 
Kinase array data were further investigated using Genesis© array analysis software 
developed by Alexander Sturn (http://genome.tugraz.at) (15). This software has originally 
been developed for gene expression analysis but can also be used for our kinase array data. 
Per kinase substrate spotted on the peptide array, kinase activities among all groups were 
median centered (i.e. medians were calculated from all samples and compared with individual 
values from SD, Ren2 and Ren2+ACEi rats). A number of kinases with markedly altered 
activities among the studied groups were selected to be studied in more detail. Since not all 
substrates spotted on the chip correspond to known rat protein sequences, we selected only 
rat substrate sequences using NCBI BLAST for further analysis (16).  
 
Immunoprecipitation 

Renal cortical tissue samples were lysed and incubated with an immobilized phosphotyrosine 

antibody (Cell Signaling Technology, Danvers, MA; 1:10) at 4°C overnight. Subsequently, the 
samples were centrifuged at 2000 rpm, 4°C, and washed 3 times with RIPA buffer. Finally, the 
samples were prepared for Western blotting as described below. 
 
Western Blot 

Renal cortical tissue (n=3 per group) was lysed in ice-cold RIPA buffer with 10 µg/ml 

aprotinin, 1 mM orthovanadate, 10 mM NaF, and PMSF (10 mg/ml in isopropanol). Protein 
quantity was measured using the pyrogallol red-molybdate method to obtain similar protein 
loads per lane. Tissue lysates were separated on a 10% polyacrylamide gel and 
electroblotted onto a nitrocellulose membrane; proteins were visualized with Ponceau-S 
(Pharmacia, Uppsala, Sweden), which confirmed similar protein amounts per lane. Blots were 
incubated for 60 min in blocking buffer (TBS-T (TBS, 0.05% Tween 20, pH 7.6) with 5% 
skimmed milk), washed for 30 min in TBS-T and incubated overnight at 4 ºC with primary 
antibodies. Immunostaining was amplified by incubation with horseradish peroxidase-
conjugated antibodies for 60 min. Blots were washed and immunoluminescense was detected 
with LumiGlo (Upstate, Charlottesville, VA). Band staining intensities were quantified by 
densitometry. 
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Immunohistochemistry 

Four µm paraffin sections were dewaxed; endogenous peroxidase was blocked by incubation 

with 0.3% H2O2 in PBS for 30 minutes. Then, sections were incubated with primary antibodies 
for 60 min. Binding was detected by sequential incubation with peroxidase-labelled secondary 
antibodies. Peroxidase activity was visualised using 3,3’-diaminobenzidine tetrahydrochloride 
(DAB, DAKO), counterstained with hematoxilin, and mounted with Kaiser’s glycerin gelatin. 
For phosphorylated p38 (pp38) immunostaining, a slightly different protocol was used. Here, 
sections were washed in TBS + Tween 20 (TBST) and blocked in TBST + 1% BSA for 60 min 
prior to incubation with the primary antibody. 
 
Statistical analysis 

Data are presented as mean ± 1 standard deviation. Kinase array data are presented as 

differential (∆) activity of untreated Ren2 versus SD or Ren2+ACEi versus untreated Ren2, 

indicated in percentages. Statistical differences between groups were calculated using the 
non-parametric Kruskal Wallis test.  

 
 
Results 
 
Physiological and renal structural parameters 

Systolic blood pressure (SBP) and urinary albumin excretion (UAE) were increased in 
untreated Ren2 compared to Sprague Dawley (SD) controls (Figure 1).  
Treatment with the ACEi ramipril strongly reduced SBP and UAE. Furthermore, both 
glomerular (focal glomerulosclerosis, mesangial matrix expansion) and tubular (interstitial 

fibrosis, interstitial α-smooth muscle actin expression) parameters of fibrosis were increased 
in Ren2 versus SD controls, and ameliorated by ACEi (Figure 2). 
 
Kinase activities 

Figure 3 indicates kinase array results, depicted using array analysis software. An overview of 
all array data is presented (left). The overview shows modulation of PKA and PKC activities, 
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however both increased (red) and decreased (green) activity is observed, thus, it cannot be 
concluded from the array that PKA or PKC play a role in renal disease. 
A detailed view (Figure 3, right panels) reveals decreased G-protein-coupled kinase (GRK) 
activities in kidney samples from Ren2 rats treated with ACEi (upper panel). Samples from 
Ren2 rats, both untreated and treated with ACEi, also demonstrated decreased insulin 
receptor (IR) kinase activities (lower panel). Since GRK and IR signaling may play a role in 
renal disease, activities of these kinases were further analyzed below. 
 
p38 MAP kinase activation in Ren2 is reduced by ACEi 
First, to validate our peptide array data, we studied the activity of a relatively well-defined 
protein kinase, p38 MAP kinase, whose activity has been associated with renal damage. As 
shown in Figure 4, the array data indicated increased p38 MAP kinase activity in Ren2 vs SD 
and a reduction in Ren2+ACEi vs untreated Ren2. These findings were confirmed by 
immunohistochemistry, revealing induction of phosphorylated p38 expression in injured 
tubular cells in untreated Ren2. In SD controls or Ren2+ACEi, very few tubular epithelial cells 
were pp38-positive. Similar results were obtained by pp38 Western Blotting (Figure 4). 

 
 

 
 
Figure 1. Physiological parameters 
Graphs illustrating systolic blood pressure (SBP) and urinary albumin excretion (UAE) in 8-wk old 
untreated homozygous Ren2 rats, age-matched Sprague Dawley controls, and age-matched Ren2 rats 
treated with the ACE inhibitor ramipril (1mg/kg/day) for 4 wks. Both SBP and UAE were increased in 
untreated Ren2 rats, in Ren2 rats treated with ramipril, SBP and UAE were strongly decreased 
compared to untreated Ren2 rats. 
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PDGFRβ phosphorylation is increased in Ren2 and reduced by ACEi 

Our experiments also indicated increased activity of the platelet-derived growth factor 

receptor β subunit (PDGFRβ) in untreated Ren2 rats (Figure 5). A statistically significant 
increase was observed for the ESSNYMAPY motif, containing the Tyr770 and Tyr774 regions of 

the protein. Various PDGFRβ motifs also showed reduced activity in Ren2+ACEi compared 
to untreated Ren2. Furthermore, we found increased phosphorylation of two SHP-2 motifs in 
Ren2, and reduction in Ren2+ACEi. SHP-2 is a well-known PDGFR substrate(18). 

Immunoprecipitation confirmed increased pTyr-PDGFRβ in untreated Ren2 and a clear 
reduction in Ren2+ACEi (Figure 5, lower left panel). Moreover, immunohistochemistry 
 

 
Figure 2. Structural parameters 

Focal glomerulosclerosis (FGS), mesangial matrix expansion (MME), interstitial fibrosis (IF) and 
interstitial α-smooth muscle actin (SMA) expression are depicted for all three groups. Data indicate 
significantly increased FGS, MME, IF and SMA in untreated Ren2 compared to Sprague Dawley 
controls, and significant reduction of all parameters in Ren2+ACEi compared to untreated Ren2 rats. 
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GRK

IR

PKA 
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Figure 3. Kinase array results - overview 
Overview of kinase array results, depicted using Genesis© array
analysis software (http://genome.tugraz.at). Per kinase substrate 
spotted on the array, values were median centered (i.e. medians 
were calculated from all samples and compared against individual
values from SD (n=5), Ren2 (n=5), and Ren2+ACEi (n=4) rats). 
Kinases displaying increased activities compared to the median are
presented in red (brighter red reflects stronger increase), while
kinases with decreased activities are shown in green. Right: 
activities of two selected kinases, GRK and IR (detailed view of left 
panel). Note the reduced activity of GRK in Ren2 treated with ACEi
compared to untreated Ren2 and the reduced activity of IR activity
in Ren2 versus SD rats, which appears to remain unaffected under
ACEi. Left: overview of all kinase activities on the array. Modulation 
of phosphorylation of known PKA and PKC substrates can be
clearly observed. See page 182 for full color image. 
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 showed increased PDGFRβ expression by fibroblasts in areas of tubulointerstitial damage in 

untreated Ren2 rats, not in SD controls and Ren2+ACEi (Figure 5, lower right panel). 
 
ACE inhibition reduces GRK activity in Ren2 
 
All GRK substrate sequences which were spotted on the array and are known to be 
expressed in rat (n=20) are presented in Figure 6. In Ren2 compared to SD controls, the 
number of increased and of decreased activities for GRK substrates was about similar. 

Figure 4. Renal activation of p38 MAP kinase of SD, Ren2 and Ren2+ACEi rats 
Upper left: Kinase array data indicate increased p38 MAP kinase activity in untreated Ren2 compared 
to SD controls and reversion by ACEi. Right: Immunohistochemistry for phosphorylated p38 (pp38) 
shows few pp38-positive tubular cells in SD controls and Ren2+ACEi; however, in untreated Ren2 rats 
strong induction of nuclear pp38 expression can be observed in areas of tubulointerstitial damage. 
Lower left: Western Blotting for pp38 on cortical lysates confirms increased presence of pp38 in Ren2 
compared to SD and a reduction in Ren2+ACEi. * p<0.05 vs SD, # p<0.05 vs Ren2 untreated. See 
page 183 for full color image. 
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Strikingly, when Ren2+ACEi were compared to untreated Ren2, most GRK substrates 
displayed reduced activities in Ren2 treated with ACEi. Kinase activity for phosphorylation of 
the muscarinic acetylcholine receptor M2 protein at the ENTVSTSLG motif (Figure 6, #17) 
was significantly increased in untreated Ren2 compared to SD and decreased in untreated 
Ren2 vs Ren2+ACEi (both p<0.05). 
 
Insulin receptor signaling is reduced in Ren2 

Another consistent finding in the peptide array was reduction of insulin receptor (IR) signaling 
in Ren2 compared with SD controls, as indicated in Figure 7. In total, 24 rat sequences from 
known IR substrates (e.g. insulin receptor substrate-1, IRS-1) were spotted on the peptide 
array. Of these 24 peptide sequences, 20 showed decreased kinase activity in Ren2 
compared to controls, whereas only 4 were increased (Figure 7, upper right panel). Peptide 
sequences from insulin receptor (autophosphorylation), IRS-1, beta-2 adrenergic receptor, 
PI3-kinase p85-alpha and eukaryotic translation initiation factor 4E, all known insulin receptor 
substrates, displayed reduced activities in lysates from Ren2 compared to SD controls. These 
findings implicate impaired renal insulin receptor signaling in homozygous Ren2 rats. 
Furthermore, array data for Ren2+ACEi indicate that renal insulin receptor signaling was not 
improved by ACEi in Ren2 rats. 
 
 

Discussion 
 
In this study we successfully applied a novel kinase array technology enabling simultaneous 
analysis of a large number of kinases in angiotensin II-driven renal disease. This array,  
 

 
Figure 5. PDGFRβ activation (previous page) 
Kinase array data indicate increased activity of PDGFRβ in untreated Ren2 (upper left panel) and 
reduction upon ACEi (upper right panel). Furthermore, phosphorylation of two SHP-2 (a PDGFRβ 
substrate) motifs was similarly increased in Ren2 and reversed in Ren2+ACEi (lower two panels). 
These data suggest increased PDGFRβ activity in Ren2 and reduction by ACEi. This was confirmed 
by immunoprecipitation. Control: rat cardiac fibroblast lysate. Immunohistochemistry (IHC) shows 
increased PDGFR expression by interstitial fibroblasts in areas of renal fibrosis in Ren2, not in SD or 
Ren2+ACEi rats. * p≤0.05 vs SD, # p≤0.05 vs Ren2 untreated. See page 184 for full color image. 



Chapter 3  
 

 72

containing over 1100 known peptide sequences from mammalian protein kinase substrates, 
has been used previously to study cultured cells, but not lysates from complex animal tissue. 
The kinase array data suggest that p38 MAP kinase activation is involved in angiotensin II-
dependent hypertensive renal damage. These findings are in line with studies showing 
increased p38 phosphorylation in both experimental (18) and human (19) renal disease. 
Furthermore, p38 inhibition is renoprotective in homozygous Ren2 rats (7) and in other 
models (8). 

In addition, the array data indicated increased kinase activity of the PDGFRβ in Ren2 
compared to SD controls and reduced activity in Ren2+ACEi compared to untreated. Using 
immunoprecipitation, we confirmed this pattern of tyrosine phosphorylation of the PDGFR. 

Figure 6. 
Overview of all G protein-coupled receptor kinase (GRK) substrates spotted on the microchip and their 
respective kinase activities. Graphs represent relative (∆) IR kinase activities in Ren2 versus SD 
(upper graph) and Ren2+ACEi versus Ren2 untreated (lower panel). In the table, motif sequences, 
respective substrates and potential phosphorylation sites are presented. Numbers in the graphs refer 
to respective numbers in the table and in the text. There is no clear difference between Ren2 and SD 
controls in GRK signaling. However, in Ren2+ACEi there is a clear reduction in GRK activity compared 
to untreated Ren2, reaching statistical significance in four substrates. 

# Sequence Substrate Potential phosphorylation sites
1 PVSPSLVQG muscarinic ACh receptor M2 Ser-232/234
2 IDSQGRN Beta-2 adrenergic receptor Ser-406
3 IEQFSTVKG GRK5/6 Ser-484, Thr-485
4 DDEITQDEN muscarinic ACh receptor M2 Thr-302
5 SLDDSGSAM alpha-1B adrenergic receptor Ser-404/408/410
6 SSNDSTSVS muscarinic ACh receptor M2 Ser-282/283/286/288/290, Thr-287
7 LSLDSQGRN Beta-2 adrenergic receptor Ser-401/404
8 QDENTVSTS muscarinic ACh receptor M2 Thr-307/310, Ser-309/311
9 EEKESSNDS muscarinic ACh receptor M2 Ser-282/283/286

10 SAVASNMRD muscarinic ACh receptor M2 Ser-290/294
11 QDPVSPSLV muscarinic ACh receptor M2 Ser-232/234
12 SRKDSLDDS alpha-1B adrenergic receptor Ser-400/404/408
13 NTVSTSLGH muscarinic ACh receptor M2 Thr-307/310, Ser-309/311
14 STSVSAVAS muscarinic ACh receptor M2 Ser-286/288/290/294, Thr-287
15 EQFSTVKGV GRK5/6 Ser-484, Thr-485
16 SNDSTSVSA muscarinic ACh receptor M2 Ser-283/286/288/290, Thr-287
17 ENTVSTSLG muscarinic ACh receptor M2 Thr-307/310, Ser-309/311
18 TVSTSLGHS muscarinic ACh receptor M2 Thr-307/310, Ser-309/311/315
19 DDSGSAMSG alpha-1B adrenergic receptor Ser-408/410/413
20 NDSTSVSAV muscarinic ACh receptor M2 Ser-286/288/290, Thr-287
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Immunohistochemistry revealed increased PDGFRβ expression by fibroblasts in areas of 

tubulointerstitial damage in Ren2. Importantly, recently it has been shown that in the Ren2 
model, imatinib treatment reduced renal perivascular fibrosis and microvascular hypertrophy 
(20). Imatinib reduces tyrosine kinase activity of bcr/abl, but also of other tyrosine kinases, 

including PDGFR-α, PDGFR-β, and c-kit (21). Thus, since pharmacological inhibition of p38 

or PDGFR is renoprotective in the homozygous Ren2 model, we conclude that the array 
identified kinases relevant to renal injury. Our array data also indicated increased 
phosphorylation of SHP-2 at tyrosine residues 546 and 584 in Ren2 vs controls, which was 
reduced by ACE inhibition. Phosphorylation of SHP2 at Tyr546 or Tyr584 is controlled by some 

 

Figure 7. 
Overview of all insulin receptor (IR) substrates that were spotted on the microchip and their respective 
kinase activities. Graphs represent relative (∆) IR kinase activities in Ren2 versus SD (upper graph) 
and Ren2+ACEi versus Ren2 untreated (lower panel). In the table, motif sequences, respective 
substrates and potential phosphorylation sites are presented. Numbers in the graphs refer to 
respective numbers in the table and in the text. In Ren2 compared to SD controls, phosphorylation of 
most substrates is decreased, indicating reduced IR kinase activity in the renal cortex of Ren2 rats. 
Statistical difference is reached in nine substrates. Upon ACEi, there is no clear recovery of IR 
signaling. 

# Sequence Substrate Phosphorylation site(s)
1 EHIPYTHMN Insulin Receptor (IR) Tyr-1362, Thr-1363
2 TEDQYSLVE PI3-kinase p85-alpha Tyr-607, Ser-608
3 YGNGYSSNS Beta-2 adrenergic receptor Tyr-350/354, Ser-355/356/358
4 TDDGYMPMS Insulin receptor substrate 1 Thr-604, Tyr-608, Ser-612
5 LDRSSHAQR Insulin Receptor (IR) Ser-1333/1334
6 GKTDYMGEA Beta-2 adrenergic receptor Thr-362, Tyr-364
7 KNDKSKTWQ Eukaryotic translation initiation factor 4E Ser-53, Thr-55
8 KSLNYIDLD Insulin receptor substrate 1 Ser-1169, Tyr-1172
9 SPFKYQSLL Beta-2 adrenergic receptor Ser-137/143, Tyr-141

10 SSKAYGNGY Beta-2 adrenergic receptor Ser-346/347, Tyr-350/354
11 SPGEYVNIE Insulin receptor substrate 1 Ser-891, Tyr-895
12 NFDDYMKSL Fatty acid-binding protein Tyr-20, Ser-23
13 DLSTYASIN Insulin receptor substrate 1 Ser-1220/1224, Thr-1221, Tyr-1222
14 GNGDYMPMS Insulin receptor substrate 1 Tyr-628, Ser-632
15 SRGDYMTMQ Insulin receptor substrate 1 Ser-983, Tyr-987, Thr-989
16 TRDIYETDY Insulin Receptor (IR) Thr-1182/1188, Tyr-1186/1190
17 NFDDYMKEV Fatty acid-binding protein Tyr-20
18 AVDRYIAIT Beta-2 adrenergic receptor Tyr-132, Thr-136
19 FKRSYEEHI Insulin Receptor (IR) Tyr-1356
20 SNPEYLSAS Insulin Receptor (IR) Ser-996/1002/1004, Tyr-1000
21 ETDYYRKGG Insulin Receptor (IR) Thr-1188, Tyr-1190/1191
22 GSEEYMNMD Insulin receptor substrate 1 Ser-936, Tyr-939
23 YETDYYRKG Insulin Receptor (IR) Tyr-1186/1190/1191, Thr-1188
24 ELSNYIAMG Insulin receptor substrate 1 Ser-458, Tyr-460
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(fibroblast growth factor and platelet-derived growth factor (PDGF)) but not all (epidermal 
growth factor and insulin-like growth factor) growth factors, and is crucially involved in 
sustained ERK activation (17). Since we have previously shown that ERK inhibition is 
renoprotective in the homozygous Ren2 model (7), we postulate that in this model the 
PDGFR plays a role in renal damage through SHP-2-mediated sustained ERK activation.  
There is now growing evidence that GRK signaling plays a pivotal role in the development 
and maintenance of hypertension (22). In animal models of hypertension, a generalized 
defect in vascular GRK2 protein expression was found, which could be an important factor in 
the impairment of ß-adrenergic–mediated vasodilation (23). Furthermore, in transgenic mice 

targeted to overexpress GRK2 in cardiac myocytes, a reduced responsiveness to β-

adrenergic receptor (βAR) agonists and angiotensin II was observed, whereas mice 

overexpressing a natural GRK2 inhibitor exhibited increased sensitivity to βAR agonists 
(24;25). We found increased GRK2 activity in Ren2 rats at the Glu305-Gly313 motif from M2 
muscarinic ACh receptors (M2 mAChRs), which was reduced by ACE inhibition (#17, Figure 
7). Mutation studies of M2 mAChR residues Thr307-Ser311 revealed a role for this motif in 
receptor internalization (26). Reduced GRK activity in Ren2+ACEi may also reflect reduced 
renal angiotensin II type I receptor signaling, since the AT1R is also a G-protein-coupled 
receptor kinase. 
Reduced phosphorylation of numerous insulin receptor (IR) substrate motifs was found in 
Ren2. For example, we found reduced phosphorylation of IR substrate-1 (IRS-1) at tyrosine 
residues 608 and 612. IRS-1 phosphorylation at these peptides creates a docking site for PI3-
kinase, enhancing IRS-1 activity. Furthermore, other motifs including IR (Tyr1362), an IR 
autophosphorylation motif involved in IR activation (27), were also strongly reduced in Ren2 
compared to SD control animals. Concurrently, various studies show that angiotensin II 
induces insulin resistance in vivo (28;29). Ren2 also display insulin resistance (30;31), which 
can be improved by ARB (32). Although in our Ren2 animals ACEi did not clearly improve 
renal insulin receptor activity, insulin sensitivity might have been restored in other tissues. Of 
interest, a recent publication demonstrates impaired muscular IR/IRS-1/PI3-K/Akt signaling in 
a model of chronic kidney disease, which implicates that renal disease can affect insulin 
signaling throughout the body (33). This is in line with our results in the Ren2 model. 
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Kinase arraying technology may well become a powerful tool with numerous applications. An 
important advantage of our array is that it analyzes kinase activities “in silico”. Various arrays 
used to study the kinome have been limited to determine protein phosphorylation statuses, 
which imply but do not directly evidence protein kinase activity (1). Another advantage of this 
array technology is that multiple motifs per substrate are incorporated on the chip, increasing 
specificity and allowing identification of specific phospho-specific sites relevant under the 
studied conditions. The most relevant property, however, of this novel technique is its 
hypothesis-free character. This allows selection of a limited number of kinases with markedly 
altered activities under particular experimental conditions, which can then be studied in more 
detail. Ultimately, analysis of the renal kinome may provide novel targets for intervention to 
combat chronic renal disease. 
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Abstract 
 
Angiotensin II (AngII) plays an important role in renal damage by acting on hemodynamics, 
cell-growth, proliferation and fibrosis, mainly by effects on the AngII type I (AT1) receptor. The 
AT1 receptor activates several intracellular signalling molecules such as MAP-kinases ERK 
and p38, but their role in AngII mediated renal damage is not well characterised. We therefore 
investigated whether pharmacological blockade of ERK and p38 could prevent renal damage 
in high-renin homozygous transgenic rats (Ren2), with the effects of an AT1 receptor 
antagonist (AT1-RA) as a reference.  
Seven week old homozygous Ren2 rats were treated with low dose AT1-RA candesartan, 
ERK inhibitor tyrphostin, or p38 inhibitor SB239063 for 4 weeks. Untreated Ren2 and SD rats 
served as controls. Blood pressure (BP) was measured at 7 and 11 wks. At 11 wks, plasma 
renin activity (PRA) and serum aldosterone were determined and the animals were sacrificed. 
Kidney sections were scored for glomerular and interstitial smooth muscle actin and 
glomerular desmin expression as early markers for renal damage. Mesangial matrix 
expansion (MME) was determined as marker for structural damage.  
PRA and aldosterone levels were elevated in Ren2/UNTR in comparison to SD controls. AT1-
RA further increased PRA, but decreased aldosterone. All parameters of renal damage were 
elevated in Ren2/UNTR. BP was not elevated at week 7 in Ren2, and not affected by either 
treatment. Mild signs of hypertensive damage were found in Ren2/UNTR. All interventions 
significantly diminished damage to glomerular epithelium and interstitium. In addition, AT1 
receptor- and p38-blockade reduced MME.  
In homozygous Ren2 rats, renal damage was ameliorated by a non-hypotensive dose of an 
AT1-RA and, similarly, by blockade of ERK or p38. This suggests that ERK and p38 are 
involved in AngII mediated renal damage. 
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Introduction 
 
The renin-angiotensin system (RAS) plays a crucial role in renal pathophysiology. 
Angiotensin II (AngII), a main effector molecule of the RAS, exerts vasoactive effects, but also 
functions as a growth factor that regulates cell proliferation, hypertrophy and extracellular 
matrix (ECM) production. Presumably, the latter processes are involved in the development of 
(pre-)fibrotic glomerular and interstitial lesions in various renal disorders (1-3). 
Several of the deleterious effects of AngII act via the AT1 receptor and can be reversed by 
AT1 receptor blockade (4-6). Downstream of the AT1 receptor, the mitogen-activated protein 
(MAP)-kinase superfamily of intracellular signalling molecules is an important pathway. Two 
relevant members of this family are extracellular signal-regulated kinase (ERK) and p38 MAP-
kinase. AngII activates ERK via the AT1 receptor in mesangial cells, glomerular endothelial 
cells, and in proximal tubulus cells (7-9). Activation of ERK is considered to play a key role in 
mitogenesis and hypertrophy (10). AngII activates p38 in various cell types, among others in 
vascular smooth muscle cells (11;12). Activation of p38 by AngII is important in vascular 

hypertrophy, but also in TGFβ-mediated signalling and ECM induction in glomerular 
mesangial cells (12;13). Furthermore, in diabetic rats, glomerular activation of p38 was 
increased compared to non-diabetic and insulin-treated diabetic rats (14). However, the 
functional significance of ERK and p38 activation in AngII mediated renal damage has 
remained unclear. 
We therefore investigated the effects of selective blockade of ERK and p38 in a high-renin rat 
model of renal damage, with rats treated with the AT1 receptor antagonist candesartan as a 
positive control for protection against renal damage.  As we were specifically interested in the 
intrarenal effects of RAS-activation – as distinct from the renal effects of hypertension – we 
used homozygous TGR(mRen2)27 rats. As opposed to heterozygous rats, in which malignant 
hypertension develops with the corresponding renal abnormalities, in homozygous Ren2 rats, 
after an initial period of hypertension at an early age, blood pressure returns to normal values, 
secondary to cardiac dysfunction. To also avoid the confounding effects of BP-reduction in 
the candesartan controls, a non-hypotensive dose was used. 
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Methods 
 

Model characterisation 

To study the time-course of systolic blood pressure and proteinuria in the homozygous Ren2 
model, we performed two preliminary experiments in male homozygous TGR(mRen2)27 rats 
(n=5 per group), using Sprague Dawley Hannover (n=7 per group) rats as controls. We 
measured systolic blood pressure (SBP) by tail-cuff method under 2-4% isoflurane 
anaesthesia, at three different time points (6, 10, and 13 wks). Also, we determined urine 
albumin/creatinine ratio at wks 7, 8, and 13 in a urine sample drawn before sacrifice, as a 
measure for urinary protein excretion. This ratio was used because high stress-induced 
mortality in homozygous Ren2 rats precludes frequent use of metabolic cages. Urinary 
protein (UP) levels were measured using the pyrogallol red molybdate method. Urine 
creatinine levels were determined colorimetrically (Sigma Chemical Co, St Louis, MO, USA). 
 
Study design 

Experiments were conducted in 7-week old male homozygous TGR(mRen2)27 rats. Age-
matched Sprague-Dawley (SD) rats served as controls. Homozygous Ren2 rats and SD rats 
were purchased from the Max Delbrück Center for Molecular Medicine, Berlin-Buch, Berlin, 
Germany. Transgenic status was confirmed by Southern Blotting. All animals were housed in 
a light and temperature controlled environment, and were fed standard rat chow with free 
access to tap water. All procedures were approved by the Committee for Animals 
Experiments of the University of Groningen. 
At 7 weeks, Ren2 animals were divided into four groups (n=7), which were either left 
untreated, or treated for four weeks with a low dose of the AT1 receptor antagonist 
candesartan, the epidermal growth factor receptor (EGF-R) blocker tyrphostin as an inhibitor 
of ERK, or the p38 MAPK inhibitor SB 239063 (see below). Untreated SD rats served as 
negative controls (n=7).  
The animals were sacrificed at 11 weeks. Plasma renin activity (PRA) and aldosterone were 
determined (see below), and creatinine and cholesterol levels were measured using ELISA. 
Kidneys were weighed and embedded in paraffin for immunohistochemical analysis. For 
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technical reasons (low blood pressure and oligo-anuria during the termination session) no 
urine could be obtained for protein/creatinine ratio in these animals. 
 
 

Drugs and minipumps 

The AT1 receptor antagonist candesartan (a gift from AstraZeneca, Zoetermeer, The 
Netherlands) was dissolved in 0.1 M NaHCO3 in saline (0.9% NaCl), according to the 
manufacturers recommendations. The final dose administered was 0.05 mg/kg/day. 
Furthermore, we used the epidermal growth factor receptor (EGF-R) blocker tyrphostin A46 
(Sanvertech, Heerhugowaard, The Netherlands), a known inhibitor of ERK activity was 
dissolved in 0.01% DMSO and H2O, according to manufacturers guidelines (15;16). Final 

dose administered was 600µg/kg/day. The p38 MAPK inhibitor SB239063 [trans-1-(4-
hydroxycyclohexyl)-4-(4-fluorophenyl)-5-(2-methoxypyridimidin-4-yl)imidazole; IC50 = 44 nM 

vs. p38α, kindly provided by Dr. R.N. Willette, Department of Cardiovascular Pharmacology, 

GlaxoSmithKline, King of Prussia, PA, USA] was dissolved in 0.1% DMSO in H2O, with 50% 
polyethylene glycol (PEG) 400 (17). Final dose administered was 15 mg/kg/day. All drugs 
were administered by osmotic minipumps (Alzet osmotic minipumps, Palo Alto, CA, USA; 
types 2004 and 2ML4, depending on dose-regimen). Minipumps were aseptically filled by 
injection of the fluid containing the drug, and weighed before and after filling. The volume 
weight injected was calculated to control for adequate filling of the pumps. Rats were 
anaesthesized with 2-4% isoflurane in a gas mixture of N2O/O2 (2/1). Candesartan- and 
SB239063-filled minipumps were inserted subcutaneously, and minipumps filled with 
tyrphostin A46 were placed intraperitoneally. At sacrifice, the minipumps were collected and 
weighed to determine the volume that was dispensed. 
 
Renin, aldosterone, and plasma N-terminal ANP levels 

Blood was obtained from the abdominal aorta, anti-coagulated with EDTA, and immediately 
centrifuged (4°C, 1500 g for 15 minutes). Plasma was stored at -80°C until assayed. Plasma 
renin activity (PRA) was measured by determining the amount of angiotensin I generated 
from angiotensinogen with radioimmunoassay.  
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For measurement of plasma aldosterone concentration (normal: 50-250 pg/ml), a 
commercially available kit (Coat-a-Count, Diagnostic Products Corporation, Los Angeles, CA, 
USA) was used.  
Plasma N-terminal atrial natriuretic peptide (N-ANP) was measured with a commercially 
available radioimmunoassay kit (Bioptop, Oulu, Finland). All assays were previously 
described (18). 
 
Immunohistochemistry 

Four µm paraffin sections were dewaxed and washed in PBS. Heat-induced antigen retrieval 
was achieved by incubation in 0.1 M Tris/HCl buffer (pH=9.0) overnight at 80°C. For 
immunohistochemistry, a DAKO Autostainer was used (DAKO Corp, Carpinteria, CA, USA). 
Sections were washed in PBS, treated with endogenous peroxidase blocking reagent 
containing 0.03% H2O2 / sodium azide for 5 minutes. Slides were then incubated with 
primary antibodies against alpha-smooth muscle actin (SMA, clone 1A4, Sigma Chemical 
Co., St. Louis, MO, USA), renin (a kind gift of prof. T. Inagami, Vanderbilt University School of 
Medicine, Nashville, TN, USA) or desmin (Dakopatts, DAKO, Glostrup, Denmark), diluted in 
PBS containing 1% bovine serum albumin (BSA) for 60 mins at RT. Binding was detected by 
sequential incubation with peroxidase-labelled rabbit anti-mouse, goat anti-rabbit and rabbit 
anti-goat polyclonals (Dakopatts, DAKO, Glostrup, Denmark), in the presence of 1% normal 
rat serum for 30 min. The peroxidase activity was visualised using 3,3’-diaminobenzidine 
tetrahydrochloride (DAB+, cat. no. K3468; DAKO) for 10 min. Sections stained for desmin 
were counterstained with haematoxylin for 2 seconds, blued in running tap water and 
mounted with Kaiser’s glycerin gelatin.  
 

PCR for TGF-β1 

Total RNA from cell pellets or frozen tissue containing >1.106 cells was isolated with TRIZOL 
using manufacturer’s instructions. RNA was reverse transcribed according to the 
manufacturer’s instructions in 50 µl using 1 mM of each dNTP, 25 µg/ml oligo dT24 primer, 10 
U/µl M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA, USA), and the reaction buffer 
supplied by the manufacturer. PCR was performed in a 30 µl reaction with 1 unit of Taq DNA 
polymerase (Amersham Biosciences, Buckinghamshire, UK), the reaction buffer provided by 
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the manufacturer and 1 µl cDNA. PCR cycles consisted of 30s 94˚C, 45s 55˚C and 45s 72˚C. 
The final extension step consisted of 7 minutes at 72˚C. PCR samples were analyzed on a 
1,2% agarose gel after an increasing number of PCR cycles. Primer sequences used were as 

follows: TGF-β1 F 5’-AGAAGAACTGCTGTGTACGG-3’, R 5’-ACCCACGT-
AGTAGACGATGG-3’, GAPDH F 5’-ACTCAGAAGACTGTGGATGG-3’, R 5’-
GTTGCTGTTGAAGTCACAGG-3’. GAPDH was used as an RNA loading control. In each 
experiment, positive and negative controls were included. Images were prepared and 
analyzed using the Geldoc software (Quantity One, Bio-Rad, Veenendaal, The Netherlands).  
 
Morphological measurements 

The extent of glomerular SMA expression was measured using computerized morphometry. 
For that purpose, 30 glomeruli per section were screened using a light microscope, equipped 
with a camera device connected to a computer system. The image of a given glomerulus 
present on the screen was traced with a cursor along Bowman’s capsule. Subsequently, the 
total surface with brown precipitate was measured and divided by the total surface of the 
glomerulus. Per cortical section the average score of all glomeruli was calculated. 
The extent of interstitial SMA expression was also determined by morphometry. Thirty 
rectangular fields without any glomeruli or arteries were selected, and again the amount of 
total brown precipitate was measured and represented as a percentage of the total selected 
area. The ultimate interstitial SMA score was calculated by the average of all fields per 
section. All measurements were performed by a blinded observer (M.H.d.B.) 
Desmin expression was scored semi-quantitatively by a blinded observer (L.M.V.). This was 
achieved by estimating the percentage of desmin-positive epithelial cells located in the outer 
cell layer of the glomerular tuft. Semi-quantitative staining scores depended on the 
percentage of the glomerular edge showing positive staining: 0, 0 to 5% stained; 1, 5 to 25% 
stained; 2, 25 to 50%; 3, 50-75%; 4, >75%(19). Thirty glomeruli were scored and final desmin 
score was acquired by calculating the mean score. 
 

Analysis of structural changes 

Periodic Acid-Schiff (PAS)-stained sections, were evaluated for morphologic changes, i.e. the 
extent of mesangial matrix expansion (MME). Sections were scored semi-quantitatively on a 
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scale of 0 to 4+. If 25% of the glomerulus was affected, a score of 1+ was adjudged, 50% was 
scored as 2+, 75% as 3+, and 100% as 4+. A total number of 50 glomeruli per animal were 
scored by a blinded observer (H.v.G.), moving from cortex to medulla and vice versa. The 
ultimate score per animal was obtained by multiplying the degree of change by the 
percentage of glomeruli with the same degree of injury and addition of these scores. 
 
Statistical analysis 

Data are presented as median and 95% confidence interval (CI) of the median. Differences 
between the untreated Ren2 and SD groups were analysed using t-tests with independent 
samples or Mann-Whitney U tests. Results of the various treatments were compared with the 
untreated Ren2 group using ANOVA with 2-sided Dunnett post hoc analysis. A value of 
p<0.05 was considered statistically significant. Data were analysed using SPSS 10.0 (SPSS 
Inc, Chicago, USA) statistical software package. 
 
 

Results 
 
Model characteristics 

In homozygous TGR(mRen2)27 rats, SBP was elevated at weeks 6 and 10, and decreased at 
13 wks, compared to SD controls (Figure 1). Urine protein/creatinine ratios were higher in 
Ren2 rats than in SD rats at 7 wks (0,19±0,04 vs 0,13±0,02; mean±SEM), 8 wks (0,48±0,13 
vs. 0,09±0,01) and 11 wks (0,22±0,09 vs. 0,13±0,02); the difference however reached 
statistical significance at week 8 only (p<0.01). 
 
Clinical parameters 

As shown in Table 1, in untreated homozygous Ren2 rats plasma renin activity (PRA) and 
aldosterone levels were increased. There was no significant difference in SBP between 
untreated Ren2 and SD rats at 7 or 11 wks (SBP0 and SBPs, resp). As expected, the AT1 
receptor antagonist candesartan further increased PRA, and decreased aldosterone levels in 
Ren2 rats. The fact that the administered dose of candesartan was non-hypotensive was 
confirmed using a paired samples t-test (p=ns). Renal function of Ren2 rats treated with 
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candesartan was slightly reduced compared to untreated Ren2 rats, as indicated by plasma 
creatinine (6.54(6.19-8.64) vs 5.60(4.20-6.19) mg/l, p=0.05). ERK and p38 inhibition did not 
affect PRA, aldosterone or creatinine levels, or SBP. Cholesterol levels in Ren2/UNTR were 
equal to SD controls, and in any treated Ren2 group compared to untreated. N-ANP, a 
marker for heart failure, was increased in untreated Ren2 compared to SD controls. 
Treatment with candesartan or the ERK-inhibitor reduced N-ANP levels, the p38 inhibitor-
treated rats showed only a trend, but no significant effect. Body weight of the Ren2 rats was 
significantly decreased compared to SD controls, candesartan-treated Ren2 rats showed 
increased body weights compared to untreated Ren2. Treatment with ERK- or p38 inhibitor 
had no effect on body weight. In the untreated Ren2 group, one animal died; two animals died 
in the ERK-inhibitor-treated group, and one in the group treated with the p38-inhibitor.  
 

Morphology, immunohistochemistry, and PCR 

 In the Ren2/UNTR rats, no renal vascular damage was found and, morphologically, the renal 
interstitium was largely intact. Glomerular changes were especially found in the cortico-
medullary regions and consisted of mild but typical signs of hypertensive glomerulopathy 
including thickening of the capillary walls and thickening of the mesangium. The latter was 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 1. 
Time-course of systolic blood pressure in homozygous Ren2 and SD rats (mean±SEM; * p<0.05). 
Open circles (○) indicate Ren2 rats, solid circles (●) indicate SD rats.  
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predominant in the glomerular vascular pole. Adhesion of the visceral epithelial cells to 
Bowman's capsule was occasionally present. In the more advanced lesions, segmental 
scarring of the glomerular tuft was observed. Renal damage, as determined by scoring early 
renal phenotypic changes (SMA, desmin) and structural damage (MME) were significantly 
increased in Ren2/UNTR compared to SD/UNTR. Glomerular SMA expression was not 
altered by either the ERK or p38 inhibitor, or candesartan (p=ns, data not shown). In the 
interstitium, on the other hand, SMA expression decreased in the ERK, p38 and AT1 receptor 
antagonist treated groups, indicating reduced myofibroblast transformation (Figure 2). 
Furthermore, both AT1 receptor and MAP-kinase inhibition resulted in decreased glomerular 
desmin expression (Figure 3). Mesangial matrix expansion was significantly reduced by 
candesartan and SB239063, but not by the ERK-inhibitor (Figure 4).  
Immunohistochemistry for renin revealed subtle de novo renin expression in some tubular 
epithelial cells in untreated Ren2 rats. In the other groups, tubuli were negative. Ren2 rats 
showed decreased renin expression in the afferent arteriolar wall, compared to SD controls. 
Treatment with candesartan resulted in increased renin expression in the JGA, both in Ren2 

 
 

Table 1. 
Data are shown as median (95% confidence interval (CI) of the median). SBP0 = systolic blood 
pressure before treatment, SBPs = systolic blood pressure at sacrifice, PRA = plasma renin activity, 
aldost = aldosterone, creat = creatinine.# p<0.05 vs SD/UNTR; § p<0.05 vs Ren2/UNTR; † p<0.02 vs 
Ren2/UNTR 

Group SD UNTR Ren2 UNTR Ren2 AT1-RA Ren2 ERK Ren2 p38 

SBP0  (mmHg) 120 (111-128) 128 (118-162) 121 (77-175) 128 (77-154) 124 (79-164) 

SBPs (mmHg) 109 (101-115) 98 (77-134) 95 (77-105) 114 (112-120) 94 (70-145) 

PRA (ng AngI/ml/h) 9 (6-27) 50 (15-60)# 70 (53-128) § 49 (12-59) 21 (10-46) 

Plasma aldost (pg/ml) 208 (114-238) 723 (236-914)# 197 (144-242) † 828 (97-1065) 410 (274-596) 

Plasma creat (mg/l) 4.55 (2.92-4.79) 5.60 (4.20-6.19) 6.54 (6.19-8.64) † 5.25 (4.20-7.00) 5.43 (4.79-6.30) 

N-ANP (nmol/l) 1.56 (1.20-2.38) 5.17 (2.30-7.84) # 2.19 (1.09-2.74) † 2.51 (2.05-4.00) § 3.71 (2.58-8.05) 

Body weight (g) 346 (310-402) 294 (269-340) # 350 (324-374) † 318 (300-330) 310 (250-402) 
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and in SD animals. Treatment with the ERK- or p38 inhibitor had no effect on renin 
expression in the arteriolar wall (data not shown). These findings are in line with previous 

data, e.g. by Lee et al (24). PCR for TGF-β1 revealed no difference between Ren2 and SD 
(66.3±17.4 vs 61.7±15.5% vs GAPDH), nor between treated and untreated Ren2 groups 
(candesartan: 55.2±14.8, ERK-i: 82.4±8.8 and p38-i: 75.3±5.6% vs GAPDH). 
 

Discussion 
 
The major finding of this study is the significant amelioration of early pre-fibrotic changes and 
structural renal damage by specific blockade of MAP-kinases ERK and p38, similar to the 
effects of the AT1 receptor antagonist candesartan. This suggests that ERK and p38 are 
involved in AngII mediated pathways of renal damage, mediated by intrarenal activity of the 
RAS. 

Figure 2. Interstitial α-smooth muscle actin expression 
Immunostaining and morphometric analysis for α-smooth muscle actin (SMA) in the renal interstitium. 
SMA score was higher in untreated Ren2 rats than in untreated SD rats, and significantly lower in 
Ren2 rats receiving an AT1-RA, ERK-inhibitor, or p38-inhibitor, when compared to untreated Ren2 rats 
(diagram). Figures represent immunohistochemistry for SMA in the interstitium of untreated SD rats 
(A), and Ren2 rats (B: untreated, C: AT1-RA, D: ERK-i). Results for the group that received a p38-
inhibitor were comparable to D. Original magnification: 200x. * p<0.05 vs SD/UNTR; ** p<0.05 vs. 
Ren2/UNTR. See page 185 for full color image. 

SD-UNTR   Ren2      AT1-RA      ERK        p38
 UNTR 
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In this study, we used rats over-expressing the Ren2 gene, and accordingly in untreated 
Ren2 rats, plasma renin activity was significantly increased, confirming the genetically 
enhanced activity of the RAS in these rats. It has been shown that circulating renin can be 
taken up by tissues, leading to local AngII formation, which mught be involved in the 
prefibrotic transdifferentiation of renal tubules (20). Moreover, using immunohistochemistry, 
we found some local tubular renin expression in the kidneys of untreated Ren2 rats, while 
tubuli of untreated SD and all treated Ren2 rats were negative. This raises the possibility that 
increased local renin is relevant as well to enhanced generation of AngII, which would be in 
line with data by Springate et al (21). Our data – only subtle local renal renin expression – can 
be considered in line with prior observations in this model (22;23). 
Before intervention, we measured SBP and UP in a time-course characterisation of the 
homozygous TGR(mRen2)27 model. The time-course of SBP in Ren2 rats demonstrates a 
period of high blood pressure at young age, followed by a decreasing blood pressure. The 
increased N-ANP levels in our study confirm prior studies by our group suggesting that the 
 

Figure 3. Glomerular desmin expression 
Desmin expression, indicating damage to the glomerular epithelium (podocytes) was increased in 
untreated Ren2 rats. Treatment with an AT1-RA as well as an ERK or p38 inhibitor significantly 
reduced desmin scores. Figures represent glomeruli of SD (A) and Ren2 rats, either untreated (B), or 
treated with an AT1-RA (C) or p38-inhibitor (D). Results for the group that was treated with an ERK-
inhibitor were comparable to D. Original magnification: 350x. * p<0.05 vs. SD; ** p<0.05 vs. Ren2. See 
page 185 for full color image. 

SD-UNTR    Ren2       AT1-RA        ERK         p38
  UNTR 
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poor cardiac function of homozygous, as opposed to heterozygous Ren2 rats, precludes the 
development of malignant hypertension (16;24). In contrast to heterozygous rats, in our 
homozygous Ren2 rats, proteinuria – if anything – was mild (25). This is presumably due to 
the early decline in blood pressure to low-normotensive values, secondary to early 
development of heart failure as blood pressure has been shown to be an important 
determinant of renal damage in the Ren2 model (23). However, data on proteinuria in our 
study are not complete and would need confirmation from further studies. 
Morphologically, the severity of renal damage in these young-adult homozygous Ren2 rats 
was relatively mild, and consisted, in addition to damaged glomeruli in the cortico-medullary 
areas, of pre-fibrotic changes, in the glomeruli as well as the interstitium, as apparent from 
increased expression of desmin and SMA. Prior studies demonstrating increased expression 
of desmin and SMA after infusion of exogenous angiotensin, indicate that this is compatible 
with AngII-induced renal damage (26;27) 

 

Figure 4. Mesangial matrix expansion 
Mesangial matrix expression (MME) was increased in the untreated Ren2 group. The AT1-RA and p38 
inhibitor, but not the ERK inhibitor, significantly reduced MME. Representative images after Periodic 
Acid-Schiff (PAS) staining, demonstrating the extent of mesangial matrix expansion. A: untreated SD 
rats, B: untreated Ren2 rats, C: Ren2 rats treated with AT1-RA, D: Ren2 rats treated with p38-inhibitor. 
Original magnification: 350x. * p<0.05 vs. SD; ** p<0.05 vs. Ren2. See page 186 for full color image. 

SD-UNTR    Ren2       AT1-RA        ERK          p38
  UNTR 
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The renal phenotype observed in the present study is somewhat at variance with previous 
studies in heterozygous Ren2 rats, in which renal damage displays all characteristics of 
malignant hypertension – in accord with the clinical picture in these animals(23;24). Our 
current data indicate that, in the absence of hypertension, AngII-mediated damage is mild – at 
least within  the timeframe of this study – with relatively mild renal abnormalities, despite 
gross elevation of PRA. 
A non-hypotensive dose of the AT1 receptor antagonist candesartan was used as a positive 
control for the protection against RAS-mediated renal damage. A non-hypotensive dose was 
chosen to be able to dissociate the effects of AT1 blockade as such from those of BP 
reduction(21). Via the AT1 receptor, AngII activates the transcription factor activator protein-1 
(AP-1), which is responsible for fibrosis and proliferation by the formation of MCP-1, 

fibronectin, TGF-β, and c-Fos (28). Activation of AP-1 is mediated by protein kinase C (PKC), 
protein tyrosine kinase (PTK), and MAP-kinases ERK, JNK and p38 MAP-kinase (29-31). As 
the MAP-kinases ERK and p38 act downstream of the AT1-receptor, we consider 
candesartan a positive control for this experiment. The similarity of the findings in the groups 
treated with MAP-kinase inhibition and candesartan, respectively, supports the assumption 
that the renal pro-fibrotic changes in this model are mainly mediated by AngII via the AT1 
receptor and subsequent MAP-kinase activation. This is in accord with earlier studies that 
showed that AngII can induce tissue damage independent of blood pressure, a process which 
is mediated by the AT1 receptor (4-6). However, MAP-kinases are involved in G-protein 
dependent pathways that are activated by other neurohormones as well, such as endothelin-I 
and norepinephrin, so we cannot completely exclude the possibility that the renoprotective 
effects of MAP-kinase inhibition in our study are (partly) mediated by interference in non-AngII 
pathways. 
Only a single dose of each MAP-kinase inhibitor was used in the present study, so 
information on dose-response is lacking. Whereas we have no marker of renal inhibition of 
ERK or p38, we found a significant renoprotective effect, similar to that of candesartan – i.e. 
our positive control – which demonstrates the pharmacological efficacy of the regimens. 
How could MAP-kinase inhibitors protect against the development of renal fibrosis? In vitro 
studies in human mesangial cells showed that selective inhibition of p38 completely abolishes 

stretch-induced fibronectin and TGF-β1 production (32), that ERK plays a role in TGF-β1-
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stimulated collagen I expression (33) and in CTGF induction by TGF-β (34). In our 

experiment, PCR for TGF-β1 showed no difference between Ren2 and SD, nor between 

treated and untreated Ren2 groups. The fact that TGF-β expression was not increased in 
Ren2 compared to SD animals could be explained by the fact that these animals show only 

mild pre-fibrotic renal damage. In the hearts of Ren2 rats, increased TGF-β mRNA is 
described by Pinto et al (35).  
Moreover, both ERK and p38 play a role in various in vivo models of renal disease, e.g. anti-
Thy1 glomerulonephritis (36) and salt-loaded stroke-prone SHR. In the latter model, selective 
p38 MAPK inhibition by SB239063 reduced hypertensive end-organ (i.e. renal) damage and 
premature mortality In accord with our present findings, renal protective effects were 
observed in the absence of significant effects on blood pressure (37).  
Interestingly, blockade of ERK or p38, in contrast to AT1 receptor blockade, had no effect on 
PRA or plasma aldosterone levels. This suggests that the feedback mechanism regulating the 
RAS is mediated by the AT1 receptor, but not by the downstream molecules ERK or p38, at 
least, at the doses used here. Although our study was not set up to test this hypothesis, these 
findings appear in contrast with a previous study demonstrating p38 MAP-kinase to be 
involved in renin production mediated by cyclo-oxygenase 2 (38).  
We used an EGF-R inhibitor (Tyrphostin A46) to inhibit ERK activation. Although EGF-R is 
directly upstream of ERK in the MAP-kinase cascade, the effects of Tyrphostin A46 might be 
ascribed to the inhibition of EGF-R. However, in various cell types, e.g. fibroblasts and 
epithelial cells, ERK activation is directly modulated by inhibition and activation of EGF-R 
(15;39). 
In conclusion, inhibition of the MAP-kinases ERK and p38 decreased renal damage in the 
homozygous Ren2 model, comparable to the AT1 receptor antagonist candesartan, in a non-
blood pressure dependent fashion. These data suggest that ERK and p38 are involved in 
AngII mediated fibrotic renal damage. Further studies are needed to better characterise the 
role of these intracellular signalling pathways in the development of RAS-mediated renal 
damage. 
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Abstract 
 
Kidney injury molecule-1 (Kim-1) is associated with ischemic and proteinuric tubular injury, 
however whether dysregulation of the renin-angiotensin system (RAS) can also induce Kim-1 
is unknown. We studied Kim-1 expression in homozygous Ren2 rats, characterized by renal 
damage through excessive RAS activation. Furthermore, we investigated whether antifibrotic 
treatment (RAS blockade or p38 MAP kinase inhibition) would affect Kim-1 expression. 
Seven-wk old homozygous Ren2 rats received a non-hypotensive dose of candesartan (0.05 
mg/kg/day s.c.) or the p38 inhibitor SB239063 (15 mg/kg/day s.c.) for 4 wks; untreated Ren2 
and Sprague Dawley (SD) rats served as controls. Kim-1 mRNA (qPCR) and protein (IHC) 
expression were determined and related to markers of prefibrotic renal damage. Urinary Kim-
1 was measured in 8-wk old Ren2 and SD rats with and without ACE inhibition (ramipril 1 
mg/kg/day in drinking water for 4 wks).  
Untreated Ren2 rats showed >20-fold increased renal Kim-1 mRNA (ratio Kim-1/GAPDH 
75.5±43.6 vs 3.1±1.0 in SD, p<0.01). Both candesartan (3.1±1.5, p<0.01) and SB239063 
(9.8±4.2, p<0.05) strongly reduced Kim-1 mRNA. Kim-1 protein expression in damaged 

tubules paralleled mRNA expression. Kim-1 expression correlated with renal osteopontin, α-
smooth muscle actin and collagen III expression and with tubulointerstitial fibrosis. Damaged 
tubular segments expressing activated p38 also expressed Kim-1. Urinary Kim-1 was 
increased in Ren2 (458±70 pg/ml) vs SD (27±2, p<0.01) and abolished in Ren2 animals 
treated with ramipril (33±5, p<0.01). 
Kim-1 is associated with the development of RAS-mediated renal damage. Antifibrotic 
treatment through RAS blockade or p38 MAP kinase inhibition reduces Kim-1 in the 
homozygous Ren2 model. 
 
 

Introduction 
 
The renin-angiotensin system (RAS) is pivotal in mammalian physiology; however, 
disturbance of the RAS is one of the major pathways involved in the initiation and progression 
of renal disease. Chronic RAS dysregulation may result in both glomerular and 
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tubulointerstitial pathophysiology through direct effects of angiotensin II, via the angiotensin II 
type 1 (AT1) receptor and downstream through activation of mitogen activated protein (MAP) 
kinases and transcription factors (1-3). Interventions that inhibit the activity of the RAS (e.g. 
ACE inhibition or AT1 receptor blockade) are renoprotective and may slow or even halt the 
progression of chronic nephropathies (4).  
Various animal models have been developed to study effects of RAS-mediated renal 
damage. The homozygous Ren2 model is characterized by overexpression of a mouse renin 
transgene (Ren2) (5). Previous studies have demonstrated the presence of tubulointerstitial 
changes indicating pre-fibrotic damage in this model (6). We have recently shown that 

homozygous Ren2 rats indeed show increased interstitial α-smooth muscle actin (SMA) 

expression, which could be reduced by AT1 receptor blockade or inhibition of MAP kinases, 
which are involved in AngII-mediated signalling (7). Since the pathophysiology of 
tubulointerstitial injury in RAS-mediated renal damage is incompletely elucidated it is 
important to further identify factors associated with tubulointerstitial damage in the Ren2 
model. 
Kidney injury molecule-1 (Kim-1) is an epithelial cell adhesion molecule which is induced in 
damaged tubular epithelial cells undergoing dedifferentiation and replication (8). Though Kim-
1 was originally described to be induced in the postischemic kidney, recent publications also 
report tubular Kim-1 induction in animal models of toxic (9) and proteinuric (10) renal disease 
and in polycystic kidney disease (11). Moreover, in human renal biopsies, Kim-1 is expressed 
in renal cell carcinoma cells and tubular epithelial cells adjacent to carcinoma cells, i.e. cells 
that may be either subjected to compression by tumor cells or in an early phase of 
tumorigenesis (12). Kim-1 can also be shed into the urine; urinary Kim-1 concentration 
correlates with the severity of renal damage (13). Preliminary in vitro studies suggest that 
shedding of the Kim-1 ectodomain is potentiated by p38 MAP kinase (14). Together, these 
findings indicate that Kim-1 is expressed in dedifferentiating tubular epithelial cells and may 
therefore play an important role in early tubular damage by modulation of either damage or 
repair mechanisms. Although induction of Kim-1 in renal damage is apparent, its actual 
function and mechanisms of activation are unclear. Moreover, it is not known whether 
renoprotective interventions can reduce Kim-1 expression.  
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To investigate whether Kim-1 is involved in RAS-mediated renal damage, we studied its 
expression and its association with markers of pre-fibrotic tubulointerstitial damage in 
homozygous Ren2 rats. Furthermore, we investigated whether RAS blockade or p38 MAP 
kinase inhibition, known antifibrotic interventions in the Ren2 model, would affect Kim-1 
expression. 
 
  

Methods 
 
Experimental design 

Experiments were conducted in 7-week old male homozygous TGR(mRen2)27 rats. In a 
previous study, we characterized the time course of blood pressure in this model, and 
showed that there is no significant proteinuria in these rats at 7 or 11 wks (7). Age-matched 
Sprague-Dawley (SD) rats served as controls. Homozygous Ren2 rats and SD rats were 
purchased from the Max Delbrück Center for Molecular Medicine, Berlin-Buch, Berlin, 
Germany. Transgenic status was confirmed by Southern Blotting. All animals were housed in 
a light and temperature controlled environment, and were fed standard rat chow with free 
access to tap water. All procedures were approved by the Committee for Animals 
Experiments of the University of Groningen. 
At 7 weeks, Ren2 animals were divided into three groups (n=7) and were either left untreated 
or were treated for four weeks with a non-hypotensive dose of the AT1 receptor antagonist 
(AT1RA) candesartan or the p38 MAPK inhibitor SB239063 (see below). Untreated SD rats 
served as negative controls (n=7).  
The animals were sacrificed at 11 weeks. Plasma N-terminal ANP and aldosterone were 
determined (see below), and creatinine levels were measured using ELISA. Kidneys were 
weighed and midcoronal slices were fixed in formalin and embedded in paraffin for 
immunohistochemical analysis. For technical reasons (low blood pressure and oligo-anuria 
during the termination session) no urine could be obtained from these animals for 
protein/creatinine ratio or urinary Kim-1 detection. 
Therefore we studied urine samples (kindly provided by Prof. R. Kreutz, Charité University 
Medicine, Department of Clinical Pharmacology, Berlin, Germany) from separate 8-wk old 
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homozygous Ren2 animals which either had been treated with the ACE inhibitor ramipril 
(Aventis Pharma Deutschland GmbH, Frankfurt am Main, Germany, 1 mg/kg/day in drinking 
water) for 4 wks or were left untreated, and from age-matched Sprague Dawley controls (all 
n=7). In order to correlate urinary Kim-1 with renal Kim-1 expression, we performed Kim-1 
immunohistochemistry with morphometrical analysis on paraffin sections as described below. 
We also studied Kim-1 expression in renal tissue from homozygous Ren2 rats that were 
sacrificed at ages 7 wks (n=5), 8 wks (n=7), or 11 wks (n=4), and age-matched SD controls 
(n=7 per timepoint). 
 
Pharmacological interventions 

The AT1RA candesartan (a gift from AstraZeneca, Zoetermeer, The Netherlands) was 
dissolved in 0.1 M NaHCO3 in saline (0.9% NaCl), according to the manufacturers 
recommendations. The final dose administered was 0.05 mg/kg/day which is a non-
hypotensive dose in this model, as documented previously (15). Furthermore, the p38 MAPK 
inhibitor SB239063 (trans-1-(4-hydroxycyclohexyl)-4-(4-fluorophenyl)-5-(2-methoxypyridi-

midin-4-yl)imidazole; IC50 = 44 nM vs. p38α, kindly provided by Dr. R.N. Willette, 
Department of Cardiovascular Pharmacology, GlaxoSmithKline, King of Prussia, PA, USA) 
was dissolved in 0.1% DMSO in H2O, with 50% polyethylene glycol (PEG) 400 (16). Final 
dose administered was 15 mg/kg/day. All drugs were administered by osmotic minipumps 
(Alzet osmotic minipumps, Palo Alto, CA, USA; types 2004 and 2ML4, depending on dose 
regimen). Minipumps were aseptically filled by injection of the fluid containing the drug, and 
weighed before and after filling. The volume weight injected was calculated to control for 
adequate filling of the pumps. Rats were anaesthesized with 2-4% isoflurane in a gas mixture 
of N2O/O2 (2/1). Candesartan- and SB239063-filled minipumps were inserted 
subcutaneously. At sacrifice, the minipumps were collected and weighed to determine the 
volume that was dispensed. 
 
Aldosterone and N-terminal ANP levels 

Blood was obtained from the abdominal aorta, anti-coagulated with EDTA, and immediately 
centrifuged (4°C, 1500 g for 15 minutes). Plasma was stored at -80°C until assayed. For 
measurement of plasma aldosterone concentration (normal: 50-250 pg/ml), a commercially 
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available kit (Coat-a-Count, Diagnostic Products Corporation, Los Angeles, CA, USA) was 
used. Plasma N-terminal atrial natriuretic peptide (N-ANP) was measured with a commercially 
available radioimmunoassay kit (Biotop, Oulu, Finland). Both assays were previously 
described (17). 
 
Quantitative PCR for Kim-1 and osteopontin mRNA expression 

qPCR analysis based on the TaqMan methodology was performed using an ABI Prism 7900 
Sequence Detection System (Applied Biosystems, Foster City, CA). Primers and probe for 
the housekeeping gene GAPDH have been designed using Primer Express Software (Applied 
Biosystems). As a precaution, to prevent amplification of genomic DNA, primer sequences 
were chosen to span exon junctions or to lie in distant exons separated by long introns. 
Sequences of the primers and probe for housekeeping gene GAPDH mRNA: forward: 5’-GAA 
CAT CAT CCC TGC ATC CA-3’; reverse: 5’-CCA GTG AGC TTC CCG TTC A-3’; probe: 5’-
CTT GCC CAC AGC CTT GGC AGC-3’ (18). The Taqman probes were labeled at the 5'-end 
with a reporter fluorochrome (FAM = 6-carboxy-fluorescein) and at the 3'-end with a quencher 
fluorochrome (TAMRA = 6-carboxy-tetramethylrhodamine). Kim-1 and osteopontin gene-
specific Taqman probe and primer sets were obtained from Applied Biosystems as Assays-
on-Demand (AOD) gene expression products. The AOD ID’s were Kim-1, Rn00597703 m1; 
osteopontin (Spp1), Rn 00563571 m1.  
Total RNA was extracted using the Trizol method (Invitrogen, Carlsbad, CA, USA). A DNAse 
treatment was performed using Ambion Turbo DNAse-free (Ambion, Austin, TX, USA). 
Complementary DNA (cDNA) was synthesized from  200 ng of total cellular RNA by First 
Strand cDNA Synthesis System using Superscript II RT (Invitrogen, Carlsbad, CA) using 
random hexamers in a volume of 20 µl and further diluted to 2 ng/µL concentration. For 
GAPDH, the qPCR reaction mixture contained 5 µl cDNA, 10 µl 2X TaqMan Universal PCR 
Master Mix (Eurogentec, Seraing, Belgium), 900 nmol/L of each primer, and 200 nmol/L 
probe in a total reaction volume of 20 µl. The qPCR reaction mixture for the Assay on 

Demand products (Kim-1 and osteopontin) contained 10 µl 2x Taqman-Universal PCR 

Master Mix (Eurogentec), 1 µl 20* Assay on Demand Gene Expression Assay Mix, and 5 µl 

cDNA in a total reaction volume of 20 µl. All assays were performed in triplicate. Reaction 
tubes without template cDNA served as negative controls. The PCR plate was incubated for 2 
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minutes at 50°C to optimize the uracil-N-glycosylase enzyme activity and at 95°C for 10 
minutes to activate the Taq polymerase. This was followed by 40 cycles of denaturation at 
95°C for 15 seconds, annealing and extension at 60°C for 1 minute. The CT (threshold cycle) 
parameter was defined as the fractional cycle number at which the fluorescence generated by 
cleavage of the probe passed a preset threshold. The samples with CT values >37 were 
considered as not expressing the given mRNA. The CT is inversely proportional to the 
logarithmic scale of the starting quantity of template cDNA. Consequently, the gene dosage 
was deduced by calculating the difference in CT from the CT of the reference gene GAPDH. 
The average CT values for target genes were subtracted from the average housekeeping 

gene CT values to yield the ∆CT. Results were finally expressed as 2–∆CT, which is an 

index of the relative amount of renal Kim-1 mRNA expression. 
 
Immunohistochemistry 

Four µm paraffin sections were dewaxed and washed in PBS. Heat-induced antigen retrieval 

was achieved by incubation in 0.1 M Tris/HCl buffer (pH=9.0) overnight at 80°C. Sections 
were washed in PBS; endogenous peroxidase was blocked by incubation with 0.3% H2O2 in 
PBS for 30 minutes. Then, sections were incubated with primary antibodies against Kim-1 
(Kim-1 peptide 9 polyclonal, kindly provided by Dr. V. Bailly, BIOGEN Inc, Cambridge, MA), 

α-smooth muscle actin (SMA, clone 1A4, Sigma, St. Louis, MO), osteopontin (anti-MPIIIB10, 
Developmental Studies Hybridoma Bank, Baltimore, MD), vimentin (clone V9, 
DakoCytomation, Glostrup, Denmark), or collagen III (Biogenesis, Milwaukee, WI). All primary 
antibodies were diluted in PBS containing 1% bovine serum albumin (BSA) for 60 mins at RT. 
The Kim-1 peptide 9 polyclonal antibody has been described previously (8;10). Binding was 
detected by sequential incubation with peroxidase-labelled rabbit anti-mouse, goat anti-rabbit 
or rabbit anti-goat polyclonals (Dakopatts, DAKO, Glostrup, Denmark), in the presence of 1% 
normal rat serum for 30 min. The peroxidase activity was visualised using 3,3’-
diaminobenzidine tetrahydrochloride (DAB, DAKO) for 10 min, and mounted with Kaiser’s 
glycerin gelatin. A number of sections were counterstained with Period Acid-Schiff for 
photographs. 
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Quantification of immunostaining 

The extent of interstitial SMA, osteopontin, Kim-1 and collagen III expression was determined 
by computer-assisted morphometry as described previously (7). Briefly, thirty interstitial fields 
were selected, glomeruli and arteries were excluded and the amount of total brown precipitate 
was measured and represented as a percentage of the total selected area. The ultimate 
score was calculated by the average of all fields per section. All measurements were 
performed by a blinded observer (M.H.d.B.) 
 
Analysis of tubulointerstitial fibrosis (TIF) 

The extent of TIF was determined in Period Acif-Schiff (PAS)-stained sections among all 
groups. Thirty rectangular cortical fields were adjudged by a blinded observer at a 
magnification of 200x. TIF was scored positive when tubular atrophy and broadening of the 
peritubular compartment were simultaneously present. Scores of 0-5 were assigned: a score 
of 0 indicated no interstitial fibrosis, a score of 1 indicated 0-10% involvement of the 
rectangular field within the biopsy, a score of 2 indicated 10-25% involvement, a score of 3 
indicated 25-50% involvement, a score of 4 indicated 50-75% involvement, and a score of 5 
indicated 75-100% involvement. 
 
Double immunohistochemistry 

Paraffin sections were prepared as described under ‘Immunohistochemistry’ and incubated in 
0.3% H2O2 for 30 min. Sections were washed in PBS and incubated with primary polyclonal 
antibodies against Kim-1 and primary monoclonal antibodies against SMA, osteopontin or 
vimentin for 60 min. Incubation with peroxidase-labelled goat anti-rabbit polyclonals (in the 
presence of 1% normal rat serum) and alkaline phosphatase-labeled goat anti-mouse 
antibodies for 30 min. was performed to detect binding. The peroxidase activity illustrating 
Kim-1 immunoreactivity was visualised using DAB for 10 min. Alkaline phosphatase activity 
was detected using Naphtol AS-MX (Sigma) and colour developed with Fast Blue BB (Sigma) 
combined with levamisol and MgSO4 for 30 min to visualize immunoreactivity for SMA or 
osteopontin, respectively. Sections were mounted with Kaiser’s glycerin gelatin. 
For pp38/Kim-1 doublestaining, a slightly different protocol was used. First, sections were 
stained with an anti-(Thr180/Tyr182)phosphorylated p38 monoclonal antibody (Cell Signaling 
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Technology, Danvers, MA) according to the manufracturer’s protocol. Using peroxidase-
labelled goat-anti rabbit secondary antibodies and DAB, immunostaining was visualized. 
Next, sections were eluted by incubation in 0.1 M glycin (pH=2.5) for 60 min, and then 
incubated with Kim-1 polyclonals and with alkaline phosphatase-labelled goat anti-rabbit 
antibodies, respectively. Alkaline phosphatase activity was detected as described above. 
 
Urinary Kim-1 measurement 

Kim-1 protein in urine was measured using Microsphere-based Luminex xMAPTM technology 
using monoclonal antibodies raised against rat Kim-1 in the Bonventre laboratory. This 
technique is an adaptation of the recently developed and validated sandwich ELISA assay, as 
described previously (10;13). For measurements 30 µL of 24h urine was analyzed in 
duplicate. 
 
Statistical analysis 

Data are presented as mean ± standard error of the mean. Differences between the 
untreated Ren2 and SD groups were analysed using Mann-Whitney U test. Results of the 
various treatments were compared with the untreated Ren2 group using the Kruskal Wallis 
non-parametric test. Correlations among Kim-1, osteopontin and α-SMA expression were 
calculated using Spearman’s rho non-parametric correlations. SD control animals were 
excluded from correlation analyses, because all values in SD groups were very low (around 
or under the detection limit). A value of p<0.05 was considered statistically significant. All data 
were analysed using the SPSS 12.0.2 (SPSS Inc, Chicago, USA) statistical software. 
 
  

Results 
 
Physiological  parameters 

Table 1 shows that blood pressure (BP) in untreated Ren2 is unaltered compared to SD 
controls, both at start of intervention (SBP0, age 7 wks) and at sacrifice (SBPS, age 11 wks). 
Although not significant, BP decreased over time in Ren2 rats. This could be explained by the 
early development of heart failure in this batch of Ren2 rats, which is supported by increased 
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plasma N-ANP levels in untreated Ren2 compared to SD controls at sacrifice. None of the 
interventions affected BP. The fact that the administered dose of the AT1RA was non-
hypotensive was confirmed using a paired samples t-test (not significant). In untreated Ren2 
rats, aldosterone levels were increased. As expected, the AT1RA decreased aldosterone 
levels in Ren2 rats, indicating that pharmacological AT1 receptor antagonism was successful.  
 
Real-time PCR for Kim-1 and osteopontin 

In untreated Ren2, Kim-1 mRNA expression was increased more than 20-fold compared to 
SD controls (Figure 1). Treatment with an AT1RA or p38 MAP kinase inhibitor strongly 
reduced Kim-1 mRNA expression. Osteopontin mRNA expression was increased about 
similarly in untreated Ren2 compared to SD controls. Treatment with AT1RA and with p38i, 
respectively, reduced osteopontin expression to values similar to controls.  
 
Immunohistochemistry for Kim-1, osteopontin, and SMA 

Data from morphometrical analysis following immunohistochemical staining for Kim-1, 
osteopontin, and SMA are presented in Figure 2. In untreated Ren2, Kim-1 protein was 
 
 

   
Group SBP0 

(mmHg) 
SBPS 

(mmHg) 
Aldosterone 

(pg/ml) 
N-ANP 
(nmol/l) 

   
SD untr 120±2 109±2 189±22 1.7±0.2 

Ren2 untr 132±8 101±9 625±123* 4.8±0.9* 
Ren2+AT1 124±11 95±4 199±15** 2.1±0.3** 
Ren2+p38 130±10 92±11 398±41 4.2±0.7 

 
Table 1.Physiological parameters 
SBP0, systolic blood pressure at start of interventions; SPBS, systolic blood pressure at sacrifice; N-
ANP, N-terminal atrial natriuretic peptide; SD untr, untreated SD controls; Ren2 untr, untreated Ren2; 
Ren2+AT1, Ren2 treated with AT1 receptor antagonist; Ren2+p38, Ren2 treated with p38 inhibitor. 
Data are shown as mean±SEM. *p < 0.05 vs SD untr, **p < 0.05 vs Ren2 untr 
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present in tubules within areas of tubulointerstitial fibrosis, where it was localized to the 
luminal side of cortical tubular epithelial cells (Figure 3). Kim-1 protein expression was 
abolished in Ren2 treated with AT1RA or p38 MAP kinase inhibitor, to values that were 
comparable to SD control animals (Figures 2 & 3). As illustrated in Figure 4, in young 
homozygous Ren2 rats (7 wks), Kim-1 was already significantly increased compared to SD 
controls, yet in older Ren2 rats (aged 8 or 11 wks), Kim-1 expression was more pronounced. 
However, differential Kim-1 expression among Ren2 rats at the various time points did not 
reach statistical significance. 
 
 

Figure 1. Kim-1 and osteopontin mRNA expression  
Cortical renal mRNA expression as determined by quantitative PCR for Kim-1 and osteopontin in 
untreated Ren2 rats versus healthy SD rats and versus Ren2 treated with AT1 receptor antagonist or 
p38 MAP kinase inhibitor. Data are shown as renal Kim-1 or osteopontin mRNA expression relative to 
expression of the housekeeping gene GAPDH. SD untr, untreated SD controls; Ren2 untr, untreated 
Ren2 animals; Ren2+AT1, Ren2 rats treated with AT1 receptor antagonist; Ren2+p38, Ren2 rats 
treated with p38 inhibitor. * p < 0.01 vs SD untr, # p < 0.05 vs Ren2 untr 
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As also shown in Figure 2, immunohistochemistry revealed increased expression of 
osteopontin and SMA in Ren2, as expected. Osteopontin was expressed in tubular epithelial 
cells, and SMA in smooth muscle cells and myofibroblasts (images not shown). Osteopontin 
and SMA protein expression decreased to control values in Ren2/AT1RA and Ren2/p38i, 
parallel to Kim-1 expression. 
 
Urinary Kim-1 shedding 

In untreated 8-wk old homozygous Ren2, urinary Kim-1 concentration was increased more 
than 15-fold compared to untreated Sprague Dawley rats (p<0.01, Figure 5, black squares). 
Treatment with the ACE inhibitor ramipril strongly reduced urinary Kim-1, towards SD control 
levels. Similar results were found in these animals for renal Kim-1 protein expression (Figure 
5, open circles). Urinary and renal Kim-1 expression correlated strongly (r2=0.920, p<0.0001). 

Figure 2. Kim-1, osteopontin, and α-SMA protein expression  
Morphometrical analysis of immunohistochemistry for Kim-1, osteopontin, and α-SMA in untreated 
Ren2 rats versus SD controls and versus Ren2 treated with AT1 receptor antagonist or p38 MAP kinas 
inhibitor. Values represent percentages of total tubulointerstitial area after measuring 30 
tubulointerstitial fields with  positive staining. SD untr, untreated SD controls; Ren2 untr, untreated 
Ren2 rats; Ren2+AT1, Ren2 rats treated with AT1 receptor antagonist; Ren2+p38, Ren2 rats treated 
with p38 inhibitor. * p < 0.01 compared to SD untr, # p < 0.01 compared to Ren2 untr 
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Correlations of Kim-1 with established markers for pre-fibrotic tubulointerstitial damage 

We also studied a possible relationship between Kim-1 and markers of prefibrotic renal 
damage (i.e. osteopontin and SMA). First, we examined quantitative correlations between 
Kim-1, osteopontin and SMA. The amount of Kim-1 mRNA strongly correlated with 
osteopontin mRNA in all Ren2 animals (r2=0.847, p<0.0001), as shown in Figure 6a. At the 
protein level, Kim-1 and osteopontin were also correlated (r2=0.299, p<0.01). We also found a 
strong correlation between protein expression of Kim-1 and SMA (r2=0.607, p<0.001; Figure 
6b). 
 

 
Figure 3. Immunohistochemical localization of renal Kim-1 
Representative images of sections stained for Kim-1 by immunohistochemical techniques described in 
Methods, followed by Periodic Acid-Schiff staining, revealing Kim-1-positive staining in proximal tubular 
epithelial cells (brown precipitate). In untreated SD controls (upper left panel), Kim-1 staining was 
absent. In untreated Ren2 rats (upper right panel), Kim-1 is expressed at the luminal side of tubular 
epithelial cells. Kim-1 positive staining is restricted to a limited number of nephrons. In Ren2 rats 
treated with either an AT1 receptor antagonist or a p38 MAP kinase inhibitor, Kim-1 expression was 
strongly reduced (lower panels). Magnification: 200x. See page 186 for full color image. 
 



Chapter 5  
 

 110

Moreover, as illustrated in Figure 6a, double-immunostaining shows that in untreated Ren2, 
Kim-1-positive tubular epithelial cells (brown) also express osteopontin (blue). Kim-1 
expression was less abundant than expression of osteopontin. Also, most Kim-1-positive cells 
(Figure 6b, brown) were surrounded by SMA-positive interstitial myofibroblasts (blue).  
 
Furthermore, in untreated Ren2 the process of epithelial to mesenchymal transformation 
(EMT) was induced as evidenced by tubular vimentin expression. Tubular vimentin was 
absent in SD controls, and in Ren2 treated with the AT1 receptor blocker or the p38 inhibitor 
(data not shown). As illustrated in Figure 6c, Kim-1 (brown) and vimentin (blue) co-localized 
only in a limited number of tubular epithelial cells. 
 

Association of Kim-1 with tubulointerstitial fibrosis (TIF) 

We also studied the relationship between renal Kim-1 expression and more advance 
tubulointersitial lesions. In untreated Ren2 rats, both TIF and collagen III expression were 
induced compared with SD controls. Treatment with either the AT1 receptor antagonist or the 
p38 inhibitor reduced TIF and collagen III expression (Figure 7). We found significant 
 
 
 
  
 
 
 
 
 
 
 

Figure 4. Renal Kim-1 ex-pression over time in the Ren2 model 
Immunohistochemistry for Kim-1 in homozygous Ren2 and SD control rats of various ages. In young 
Ren2 rats (7 wks), Kim-1 protein is increased compared to SD controls, yet the increase is more 
pronounced at 8 wks. At 11 wks, expression of Kim-1 is stabilized. In SD controls, no differences 
among time points are observed. 
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correlations between renal Kim-1 expression and TIF (r2 = 0.427, p<0.001) and collagen III 
expression (r2 = 0.536, p<0.001). 
 

Double-immunohistochemistry Kim-1 and pp38 

The spatial relationship between renal Kim-1 and activated p38 (phospho-p38, pp38) was 
studied by double-immunohistochemistry. Untreated Ren2 kidneys displayed strong nuclear 
pp38 expression within areas of tubulointerstitial fibrosis. Double-staining revealed that areas 
of pp38-positive cells were also Kim-1 positive (Figure 8, arrows). In some tubules only Kim-1 
but not pp38 immunostaining was present (arrowheads). In SD controls or treated Ren2, 
pp38 expression was virtually absent.  

Figure 5. Urinary Kim-1 excretion in relation to renal Kim-1 expression 
Excretion of Kim-1 was determined in urine samples (black squares) and in renal tissue (open circles) 
from untreated Ren2 rats, Sprague Dawley controls and Ren2 rats treated with the ACE inhibitor 
ramipril (1 mg/kg/day, inverted triangles). Individual data and means (horizontal lines) are shown, 
illustrating that both urinary and renal tissue Kim-1 are increased in Ren2 rats compared to controls 
and can be reduced by ACE inhibition. Urinary and renal tissue Kim-1 expression strongly correlated 
(r2 = 0.920, p<0.0001). * p<0.01 vs SD controls, ** p<0.01 vs untreated Ren2. 
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Discussion 
 
This study demonstrates induction of Kim-1 in damaged tubules of homozygous Ren2 rats, 
which was strongly reduced by either AT1 receptor blockade or p38 MAP kinase inhibition at 
both the protein and the mRNA level. Furthermore, shedding of Kim-1 into the urine was 
markedly induced in untreated Ren2 and abolished by RAS blockade. 
Previous studies demonstrated the induction of Kim-1 in various models of renal damage, 
therefore a role for this protein in the modulation of renal damage has been proposed. As 
specific pharmacological Kim-1 inhibitors or Kim-1 knockout mice are not available at this 
time, direct evidence for a functional role for Kim-1 in renal damage or repair is still lacking. 
However, our data provide additional support for a role for Kim-1 in either the development of 
renal damage or in response to injury. 
In homozygous Ren2, similar to ischemia/reperfusion (8;19) and overload proteinuria (10), 
Kim-1 was mainly expressed in dilated and flattened cortical tubular epithelial cells. Already at 
the age of 7 wks, Kim-1 was increased vs SD controls, however expression of Kim-1 was 
highest in 8 wk-old Ren2 rats (but not significantly increased compared to 7 wk-old Ren2). In 
older Ren2 rats (11 wks), Kim-1 expression remained similar; apparently, tubulointersitial 
damage is stable from 8 wks of age in this model. This may well be related to the lower blood 
pressure due to heart failure in the homozygous Ren2 rat at this age. Tubular cell Kim-1  
 

Figure 6.  Correlations of Kim-1 with established markers for interstitial fibrosis (osteopontin 
and SMA) and Kim-1/vimentin doublestaining (previous page) 
A. Scatter diagram illustrating the correlation between Kim-1 and osteopontin (OPN). Kim-1 mRNA 
expression strongly correlated with osteopontin mRNA expression in all Ren2 animals (r2=0.847, 
p<0.0001). Double-immunohistochemistry demonstrated co-localization of Kim-1 (brown) and 
osteopontin (blue) protein in tubular epithelial cells. Epithelial cells expressing Kim-1 at the luminal side 
showed cytoplasmic osteopontin expression. Magnifications: 200x (upper panel) and 400x (lower 
panel). B. Scatter diagram representing correlation between Kim-1 and SMA protein expression 
(r2=0.607, p<0.01). Representative images of double-immunohistochemistry are also shown, revealing 
positive staining for Kim-1 protein (brown) in proximal tubular epithelial cells and SMA (blue) in 
surrounding myofibroblasts. Magnifications: 200x (upper panel) and 400x (lower panel). C. Double-
immunohistochemistry for Kim-1 and vimentin. Note the mosaic staining pattern of Kim-1 (brown) and 
vimentin (blue) staining within one tubular cross-section, illustrating that only a few cells express both 
Kim-1 and vimentin. Original magnifications: 200x (left panel) and 400x (right panel). See page 187 for 
full color image. 
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expression strongly correlated to and co-localized with established markers of 
tubulointerstitial pre-fibrotic damage, namely osteopontin and SMA. Moreover, we found that 
renal Kim-1 expression correlated with tubulointersitial fibrosis and collagen III expression.  
Only a limited number of tubular epithelial cells were positive for both Kim-1 and vimentin. 
This suggests that Kim-1 and vimentin are expressed in separate stages of tubular epithelial 
cell dedifferentiation. These data are in line with previous findings indicating that Kim-1 is 
relevant in tubular fibrotic damage (10;12).  
Moreover, we show that Kim-1 can be modulated by antifibrotic interventions, namely RAS 
blockade or p38 MAP kinase inhibition. The beneficial effects of AT1 receptor blockade and 
MAP kinase inhibition on tubulointerstitial injury observed here are in line with previous 
studies by others, e.g. in human diabetic nephropathy (20) and endotoxin-induced tubular 
injury (21). In animals, the activated form of p38 is expressed in areas of tubulointerstitial 
damage, for example in puromycin aminonucleoside (PAN)-induced renal disease (22). 
 

Figure 7. Tubulointerstitial fibrosis (TIF) and collagen III expression in Ren2 rats and effects of 
AT1RA and p38 inhibition 
TIF was scored in PAS stained sections and collagen III immunostaining was quantified by 
computerized morphometry. Thirty rectangular fields were measured. TIF and collagen III were 
induced in untreated Ren2 compared with SD controls, both AT1 receptor antagonism and p38 
inhibition reduced TIF and collagen III expression. 
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Similarly, we now showed phosphorylated p38 to be present in damaged tubular cells in the 
Ren2 model using immunohistochemistry. Treatment with a specific p38 inhibitor reduced 
interstitial fibrosis in various models of renal disease, e.g. SHR+L-NAME (23) or unilateral 
ureteral obstruction (24). We show that both AT1 receptor antagonism and p38 inhibition 
strongly reduce expression of Kim-1, which underlines its relevance as a marker of renal 
damage and suggests a functional role in tubular pathophysiology.  
Treatment with an AT1 receptor antagonist or p38 inhibitor reduced Kim-1 protein expression 
to control levels. This marked reduction of Kim-1 may be directly related to inhibition of the 
renin-angiotensin system; alternatively, reduction of Kim-1 expression may result from indirect 
effects such as improved hemodynamics. However, the latter is less likely since our rats were 
normotensive in the timeframe studied here (7-11 wks) and we used a non-hypotensive dose 
of the AT1RA. Since tubules within areas of tubulointerstitial fibrosis expressed both activated 
p38 and Kim-1, it may be that the p38 inhibitor exerted direct effects on Kim-1 expression, 
tubular damage, or both. Irrespective of the mechanism of reduction, our findings that Kim-1 
is induced in Ren2 and that AT1 receptor blockade and MAP kinase inhibition, known 
antifibrotic interventions, evidently reduce Kim-1 expression support involvement of Kim-1 
expression in RAS-induced tubular damage. 
The extracellular part of Kim-1 can be shed into the tubular lumen; this ectodomain shedding 
is mediated by matrix metalloproteinases (MMPs) possibly involving MAP kinase activation 
(14). In vivo the Kim-1 ectodomain may protect proximal tubular cells against protein casts 
that are formed within the tubular lumen or prevent the tubular cast formation. Nevertheless, 
since the homozygous Ren2 model is not characterized by gross proteinuria (7), Kim-1 
shedding may also be involved in a more general tubuloprotective mechanism. Although the 
pathophysiological implications of Kim-1 shedding are unclear, it can be used as urinary 
biomarker (12;25). We demonstrated that in untreated Ren2, Kim-1 shedding is induced 
which could be modulated by ACE inhibition. Furthermore, we confirmed the previously 
reported correlation between urinary and renal tissue Kim-1 (10). 
We observed pp38+/Kim-1+ epithelial cells in areas of tubular damage, which is in line with 
previous findings that Kim-1 shedding may be mediated by p38 MAP kinase activation. Some 
of the Kim-1 positive cells did not express activated p38, which may indicate that not all 
tubular cells are actively shedding Kim-1 simultaneously. Unfortunately, due to technical 
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reasons, no urine was available from Ren2 rats treated with a p38 MAP kinase inhibitor. Yet 
this is the first demonstration that shedding of Kim-1 into the urine can be modulated, in this 
case by ACE inhibition.  
In conclusion, we found that tubular Kim-1 expression, which is induced in RAS-mediated 
tubulointerstitial injury, can be modulated by either AT1 receptor blockade or p38 inhibition. 
Damaged tubular epithelial cells were Kim-1-positive and tubular Kim-1 expression correlated 
with tissue osteopontin and SMA expression and co-localized with these two markers of 
tubulointerstitial damage. Furthermore, renal Kim-1 expression correlated with 
tubulointerstitial fibrosis and interstitial collagen III deposition. Although further studies are 
required to clarify the role of Kim-1 in renal pathophysiology, these data suggest that Kim-1 
may contribute to the development of tubular injury mediated by the renin-angiotensin 
system. 
 
 
 
 

Figure 8. Double-immunohistochemistry for Kim-1 
and phosphorylated p38 
Representative image illustrating the spatial 
relationship between renal Kim-1 and phosphorylated 
p38 (pp38) proteins in tubules of untreated 
homozygous Ren2 animals. This image shows a 
number of tubular segments (arrows) positive for both 
Kim-1 (blue staining) and pp38+ (brown). Inset: 
magnification of tubular epithelial cells positive for Kim-
1 also showing pp38-positive nuclei (750x). 
Furthermore, some tubules expressed Kim-1, but not 
pp38 (arrowheads). Original magnification: 400x. 

                 See page 188 for full color image. 
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Abstract 
 
Activation of the c-Jun N-terminal kinase (JNK) pathway is involved in inflammation. However, 
since no data on JNK activation in human renal disease, nor on renal effects of JNK inhibition 
are available, its impact and role in renal disease are unclear. We thus investigated JNK 
activation in renal biopsies from patients with various renal diseases and associated this with 
parameters of renal damage. Moreover, we report effects of the specific JNK inhibitor 
SP600125 in the rat renal ischemia/reperfusion (I/R) model and in cultured rat tubular 
epithelial cells. JNK activation was induced in human renal disease, tubular JNK activation 
correlated with interstitial macrophage accumulation, tubulointerstitial fibrosis, and renal 
function loss. In the rat I/R model, JNK activation was low in controls, induced in tubular cells 
>30 min after I/R, and most pronounced >4 days. JNK activation correlated with interstitial 
macrophage accumulation. Treatment with SP600125 (30 mg/kg/day i.p.) reduced renal c-
Jun activation, tubular injury, MCP-1 gene expression and interstitial macrophage 

accumulation. In cultured tubular cells, SP600125 potently reduced IL-1-, TGF-β- or BSA-
induced MCP-1 expression. In conclusion, these data indicate that activation of the JNK 
pathway is involved in renal inflammation, and may be a promising target for intervention. 
 
 

Introduction 
 
Mitogen-activated protein (MAP) kinases are intracellular signal transduction molecules that 
may play a pivotal role in the pathophysiology of renal disease. MAP kinases are activated in 
response to a wide range of stresses including reactive oxygen species, pro-inflammatory 
cytokines, chemokines, or growth factors (1;2). Through the activation of transcription factors 
such as c-Jun, activated MAP kinases modulate transcription of numerous genes. The MAP 
kinase subfamily c-Jun N-terminal kinase (JNK) has been particularly associated with 
inflammation, for example in colitis (3), asthma (4) and rheumatoid arthritis (5). From renal 
biopsy studies it is known that activation of the MAP kinases p38 (6) and ERK (7) is induced 
in human renal disease, and the extent of their activation has been related to the severity of 
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renal damage. However, it is unknown whether JNK activation is associated with human renal 
disease.  
In the renal interstitium, the accumulation of macrophages plays a important role in both the 
initiation and progression of kidney injury (8-10). The mechanisms of macrophage attraction 
towards the renal interstitium are only partly understood. Several studies indicate that the 
local expression of monocyte chemoattractant protein-1 (MCP-1/CCL2) at sites of renal injury 
promotes macrophage adhesion and chemotaxis through ligation of the CC chemokine 
receptor 2 (CCR2) (11-13). Moreover, studies in patients show that tubular MCP-1 is 
increased in progressive renal disease (14), and that albuminuria can induce MCP-1 with 
subsequent macrophage infiltration (15). Yet, the intracellular signaling pathways that are 
involved in the attraction of macrophages to the renal interstitium are largely unknown. 
Given the central role for the JNK pathway in inflammatory processes, combined with the 
consistent finding that damaged tubular epithelial cells produce numerous inflammatory 

chemokines (MCP-1) and cytokines (IL-1, TNF-α), we hypothesized that JNK activation in 
tubular cells contributes to renal interstitial macrophage accumulation.  
Since to our knowledge there are no studies on the effect of systemic treatment with a 
specific JNK inhibitor in experimental renal disease, the function of JNK activation is unclear. 
We hypothesized that renal JNK activation contributes to interstitial macrophage 
accumulation in response to injury.  
In the current study we evaluated whether JNK is activated in human renal disease and if the 
degree of this activation correlates with the severity of renal damage. The role of JNK 
activation was further addressed in the rat unilateral renal ischemia /reperfusion (I/R) model, 
a model characterized by tubular injury, MCP-1 expression by tubular epithelial cells (16), 
interstitial macrophage accumulation, and tubulointerstitial repair. To gain further mechanistic 
insight in the role of JNK activation in tubular epithelial cells, we evaluated the effects of 
specific JNK inhibition on MCP-1 gene expression in cultured NRK-52E cells. 
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Methods 
 
Patients 

All procedures and use of anonymized tissue were performed according to Dutch national 
ethical guidelines. Renal biopsy specimens were obtained from 73 patients with various renal 
diseases who were admitted to our hospital. Diagnoses were based on clinical findings and 
histological examination by a qualified pathologist, unrelated to the present study. Patients 
were selected to represent a variety of disorders: membranous glomerulopathy (n=8), 
membranoproliferative glomerulonephritis (n=6), focal glomerulosclerosis (n=8), IgA 
nephropathy (n=7), acute rejection (n=9), hypertension (n=6), Wegener's granulomatosis 
(n=7), systemic lupus erythematosus (n=8), diabetic nephropathy (n=7) and minimal change 
disease (n=7). Unaffected parts of kidneys from patients with renal cell carcinoma (n=8) were 
used as control specimens. Tissue was fixed in 4% paraformaldehyde and processed for 
paraffin embedding. Clinical parameters (blood pressure, serum creatinine and proteinuria), 
obtained at the time of biopsy, were determined according to routine procedures. Patient 
characteristics at time of biopsy are presented in Table 1. 
 

Disease 
Age 

 
(years) 

Gender 
 

(M/F) 

Serum 
creatinine 

(µmol/l) 

Proteinuria 
 

(g/d) 

eGFR 
 

(ml/min) 

IF 
 
 

Interstitial 
mø 

 
        
Control 60±5 4/4 91±8 – 72±8 0.1±0.1 1±1 
DN 57±4 3/4 164±29 4.5±1.1 42±12 2.1±0.3 50±20 
FGS 45±9 6/2 291±83 6.8±1.2 36±10 2.8±0.6 49±6 
Hypertension 49±7 3/3 473±221 1.7±0.9 38±11 2.5±0.3 55±20 
IgA 23±4 5/2 173±52 3.8±0.9 76±8 1.5±0.2 29±7 
MGP 53±5 6/2 164±35 9.9±2.3 58±12 1.0±0.4 46±13 
Minimal change 17±5 4/3 62±8 3.9±1.1 104±10 0.1±0.1 10±3 
MPGN 24±7 3/3 367±136 5.0±1.6 48±22 1.4±0.6 83±26 
SLE 42±6 1/7 132±25 3.7±0.9 47±10 1.5±0.4 30±9 
Acute rejection 48±5 5/4 342±110 0.6±0.2 37±6 1.0±0.6 87±11 
Wegener 64±7 5/2 395±95 1.8±0.6 16±6 2.4±0.5 90±17 
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Rat renal ischemia/reperfusion studies 

All experimental protocols for animal studies were approved by the Animal Ethics Committee 
of the University of Groningen. Activation of the JNK/c-Jun pathway was assessed in the rat 
unilateral renal ischemia/reperfusion (I/R) model. Normal male Wistar rats weighing 220-240 
grams (Harlan, Horst, the Netherlands) were anaesthetized and the left renal artery and vein 
were clamped. After 45 min, clamps were removed and reperfusion of the kidney was 
observed before closing of the wound. Animals were sacrificed at 30 min, 90 min, 6 h, 24 h, 4 
days, 9 days, 14 days and 21 days after reperfusion (n=6 per time point). Sham-operated 
animals (n=6) received the same surgical procedure except ischemia/reperfusion. At 
sacrifice, kidneys were isolated after gently flushing the organs with saline and preserved in 4 
% formalin for preparation of paraffin-embedded sections. 
Next, the effect of the specific JNK inhibitor SP600125 was evaluated in the rat unilateral I/R 
model. Normal Wistar rats underwent I/R as described above. Rats were intraperitoneally 
injected with SP600125 (Tocris Bioscience, Bristol, United Kingdom, 30 mg/kg/day) dissolved 
in olive oil (n=9) or with vehicle (olive oil only, n=8) at 2 h before I/R and 24, 48, and 72 h after 
I/R. Animals were sacrificed at 4 d after I/R. Furthermore, two separate groups of rats (n=8 
per group) similarly underwent I/R, were treated with SP600125 (30 mg/kg/day) or vehicle for 
4 days, but were sacrificed at day 15 after I/R. Kidneys were isolated after gently flushing the 
organs with saline and preserved in 4 % formalin for preparation of paraffin-embedded 
sections or snap-frozen in liquid nitrogen and stored at -80°C. 
 
Cell culture studies 
Cell culture experiments were performed in NRK-52E rat tubular epithelial cells (American 

Type Culture Collection (ATCC), Manassas, VA, USA). Cells were grown in DMEM 
 
 

Table 1. Patient characteristics (previous page) 
Clinical and histopathological parameters of the studied patient population. DN = diabetic nephropathy, 
FGS = focal glomerulosclerosis, IgA = IgA nephropathy, MGP = membraneous glomerulopathy, MPGN 
= mesangioproliferative glomerulonephritis, SLE = systemic lupus erythematosus, eGFR = estimated 
glomerular filtration rate, IF = interstitial fibrosis, mø = macrophage accumulation 
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(Cambrex, Verviers, Belgium) containing 4.5 g/l glucose, supplemented with 2 mM L-

glutamine, penicillin (100 U/ml) / streptomycin (100 µg/ml), and 5% fetal calf serum, in 

humidified air at 37 °C with 5% CO2. Cells were seeded in 6-well plates until ±80% 
confluence; prior to each experiment cells were washed twice with HBSS and starved in 
serum-free medium for 24 h. 

Cells were stimulated with human recombinant TGF-β1 (Roche Diagnostics, Almere, the 

Netherlands), recombinant rat IL-1β (R&D Systems, Abingdon, United Kingdom) or bovine 

serum albumin (BSA, Sigma, St. Louis, MO) under serum-free conditions. One hour before 
stimulation, cell were either pre-incubated with the JNK inhibitor SP600125 (Tocris), dissolved 
in DMSO, or vehicle (DMSO only). Experiments were performed at least four times. 
 
Realtime PCR 

Cultured cells were harvested using lysis buffer and total RNA was isolated from the cells 
using a Stratagene Minikit (Stratagene, La Jolla, CA). Rat renal cortex tissue was 
homogenized in lysis buffer and total RNA was isolated using Aurum Total RNA Mini Kit (Bio-
Rad, Hercules, CA). RNA content was measured by a nanodrop UV-detector (NanoDrop 
Technologies, Wilmington, DE). cDNA was synthesized from the similar amount of RNA using 
the Superscript III first strand synthesis kit (Invitrogen, Carlsbad, CA). Gene expression levels 
were measured by quantitative real-time RT-PCR (Applied Biosystems., Foster City, CA). The 
primers for rat species were obtained from Sigma-Genosys (Haverhill, UK) as follows: 
monocyte chemoattractant protein-1 (MCP-1; 5'-TCCTCCACCACTATGCAGGT-3' and 5'-

TTCCTTATTGGGGTCAGCAC-3', 255 bp), procollagen-Iα1 (5′- 

AGCCTGAGCCAGCAGATTGA-3′ and 5′-CCAGGTTGCAGCCTTGGTTA-3′, 145 bp), α-

smooth muscle actin; 5’-GACACCAGGGAGTGATGGTT-3’ and 5’- 
GTTAGCAAGGTCGGATGCTC-3’,  and glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH); 5′- CGCTGGTGCTGAGTATGTCG-3′ and 5′-CTGTGGTCATGAGCCCTTCC-3′, 
179 bp.  
For NRK-52E cells and rat tissue, SYBR® Green PCR Master Mix (Applied Biosystems, 
Warrington, UK) was used as a fluorescent probe for real-time RT-PCR. For each sample, 1 
µl of cDNA was mixed with 0.4 µl of each gene-specific primer (50 µM), 0.8 µl DMSO, 8.4 µl 
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water and 10 µl SYBR Green PCR Master Mix. The cDNA amplification was performed until 
40 cycles. Finally, the threshold cycle number (Ct) was calculated for each gene and relative 
gene expressions were calculated after normalizing for the expression of the control gene 
GAPDH. 
 
Antibodies 

For immunohistochemistry and Western Blotting, primary antibodies were used to detect 
phosphorylated JNK, phosphorylated c-Jun (both Cell Signaling Technology), macrophages 
(rat: anti-ED1, human: anti-CD68; Serotec Ltd, Oxford, UK). For double-immunostaining, the 

following antibodies were used: anti-α-smooth muscle actin (SMA, clone 1A4, Sigma 

Chemical Co., St. Louis, MO, USA), anti-vimentin (DakoCytomation, Glostrup, Denmark), and 
anti-CD68. Binding was detected by incubation with horseradish peroxidase-labeled 
polyclonals (Dakopatts, Glostrup, Denmark). For double-immunohistochemistry, alkaline 
phosphatase-labeled polyclonals (Dakopatts) were used as well.  
 
Western Blot analysis 

Frozen cortical tissue was lysed in ice-cold RIPA buffer (PBS containing 1% Nonidet P-40, 

0.5% deoxycholic acid, and 0.1% SDS) with 10 µg/ml aprotinin, 1 mM orthovanadate and 10 
mM NaF, left on ice for 30 min, and homogenized. Then, PMSF (10 mg/ml in isopropanol) 
was added, the lysate was left on ice for 30 min and then centrifuged. The protein quantity 
was measured using pyrogallol red-molybdate to obtain similar protein loads per lane. Tissue 
lysates were separated on a 10% polyacrylamide gel and electroblotted onto a PVDF 
membrane; proteins were visualized with Ponceau-S (Pharmacia, Uppsala, Sweden), which 
confirmed similar protein amounts per lane. Blots were incubated for 60 min in blocking buffer 
(TBS-T (TBS, 0.1% Tween 20, pH 7.6) with 5% skimmed milk), washed for 30 min in TBS-T 

and incubated overnight at 4 ºC with antibodies recognizing p-c-Jun or β-actin (loading 

control). Immunostaining was detected by incubation with horseradish peroxidase-conjugated 
secondary antibodies for 60 min. Blots were washed and membrane-bound antibodies were 
visualized using LumiGlo (Upstate, Charlottesville, VA).  
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Immunohistochemistry 

Two-µm paraffin sections were dewaxed and antigen retrieval was achieved by incubation in 

0.1 M Tris/HCl buffer (pH=9.0) overnight at 80°C. Endogenous peroxidase was blocked by 
incubation with 0.3% H2O2 in PBS for 30 min. Sections were incubated with the primary 
antibody (see above) for 60 min at RT. Binding was detected by sequential incubation with 
peroxidase-labelled secondary and tertiary antibodies, respectively, in the presence of 1% AB 
serum (Sigma). The peroxidase activity was visualised using 3,3’-diaminobenzidine 
tetrahydrochloride (DAB, DAKO) for 10 min; sections were counterstained with hematoxilin 
and mounted with Kaiser’s glycerin gelatin.  
 
Double-immunohistochemistry 

After antigen retrieval and endogenous peroxidase blocking (see above), paraffin sections 
were incubated with primary pJNK or pc-Jun antibodies for 60 min. Binding was detected by 
sequential incubation with appropriate secondary and tertiary horseradish peroxidase-labeled 
antibodies in the presence of 1% AB serum for 30 min; peroxidase activity was visualized by 
incubation with 3-amino-9-ethylcarbazole (AEC) for 10 min. The immunoreaction was stopped 
by incubation with 0.1 M glycin (pH=2.5) for 60 min. Then, sections were incubated for 60 min 
with the second primary antibody, followed by appropriate secondary and tertiary alkaline 
phospatase-labeled antibodies. Endogenous alkaline phosphatase was blocked with 
levamisole (Sigma). Specific alkaline phosphatase activity was developed with Naphtol AS-
MX phosphate and Fast Blue BB (Sigma). Appropriate PBS controls were consistently 
negative (data not shown). 
 
Quantification of immunostaining 

Since activated JNK was expressed in the nuclear and cytoplasmic compartments, we 
assessed glomerular and tubular expression of activated JNK by computerized morphometry 
(42). Per section, immunostaining within thirty glomeruli (excluding Bowman’s capsule) was 
determined and the mean pJNK staining per glomerulus was calculated. To quantify tubular 
pJNK staining, thirty rectangular fields (magnification 200x) were selected and 
immunostaining was measured. Vascular and glomerular areas were excluded manually. The 
extent of tubulointerstitial osteopontin immunostaining was determined similarly (43). 
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Glomerular expression of the activated transcription factor c-Jun (pc-Jun), which was solely 
localized in the nucleus, was determined by counting the pc-Jun-positive nuclei of any 
glomerular cells within Bowman’s capsule (parietal epithelial cells not included) were blindly 
counted for all glomeruli present per biopsy or maximal 30 glomeruli per section. The mean 
glomerular pc-Jun score was calculated. Expression of pc-Jun in the tubuli was quantified by 
blindly counting the number of pc-Jun-positive nuclei in a square high-power (400x) field, for 
25 fields per biopsy, excluding glomerular and vascular areas. Numbers of pc-Jun+ cells per 
mm2 were calculated. These quantification method is similar to those used in previous studies 
on MAP kinase activation in human renal disease (6;7). 
 
Analysis of histopathological changes 

Renal biopsies, routinely stained with hematoxylin and eosin, methanamine-silver, or periodic 
acid-Schiff (PAS), were blindly scored for glomerular mesangial matrix expansion (MME), 
focal glomerulosclerosis (FGS) and interstitial fibrosis. MME was scored positive if 
broadening of mesangial areas was 2-3 times that of the mesangial width seen in glomeruli of 
control renal tissue. FGS was scored positive if collapse of capillary lumina, MME, hyalinosis 
and adhesion of the glomerular tuft to Bowman’s capsule were simultaneously present. 
Glomeruli were scored for MME and FGS as follows: unaffected glomeruli were scored as 0, 
if one glomerular quadrant was affected a score of 1 was given, two quadrants affected was 
scored as 2, 3 quadrants affected was scored as 3, and if all quadrants were positive for 
MME or FGS, a score of 4 was given. Mean glomerular MME or FGS scores were calculated. 
Interstitial fibrosis was scored positive when tubular atrophy and broadening of the peritubular 
compartment were simultaneously present. Scores of 0-4 were assigned: a score of 0 
indicated no interstitial fibrosis, a score of 1 indicated 0-25% involvement of the total 
interstitial surface of the biopsy, a score of 2 indicated 25-50% involvement, a score of 3 
indicated 50-75% involvement, and a score of 4 indicated 75-100% involvement.  
 
Statistical analysis 

Data are indicated as mean±standard error of the mean. Statistical differences between 
groups were calculated using the non-parametric Kruskal-Wallis test. Correlations were 
determined by Spearman's rank test for non-parametric variables. An alpha value of 0.05 was  
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considered statistically significant. All analyses were performed using SPSS 12.0 (SPSS Inc, 
Chicago, USA) statistical software. 
 
 

Results 
 
JNK activation in human renal disease 

Expression of activated JNK (pJNK) was studied in renal biopsies from patients with various 
renal disorders. In the healthy human kidney, activated JNK was expressed in a limited 
number of tubular epithelial cells (Figure 1); furthermore, weak pJNK staining was present in 
some glomerular cells and the large arteries, where weak staining was present in some 
vascular smooth muscle cells and endothelial cells. In all human renal diseases, pJNK  
 
 
 
 
 
 
 
 
 

 
 
 
Figure 1. pJNK expression in human renal disease 
Representative images of pJNK immunostaining in human renal disease. (a) Control human renal 
tissue, showing very few tubular epithelial cells staining positive (arrows). (b) Diabetic nephropathy 
(DN) biopsy, showing abundant pJNK staining in glomerular and tubular cells, as well as in the artery 
within endothelial and vascular smooth muscle cells (c) In a biopsy from a patient with IgA 
nephropathy, pJNK immunostaining was also abundantly present in glomerular and tubular epithelial 
cells. (d) Section of a patient with Wegener's disease showing very strong tubular pJNK 
immunostaining. (e) Serial section to Figure 1d, showing abrogation of immunostaining when the 
primary antibody was incubated with a pJNK blocking peptide before application to the section. See 
page 188 for full color image. 

control DN IgA 
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Figure 2. Correlations with renal injury 
Correlations of pJNK (activated JNK) immunostaining with various markers of renal damage in human 
renal disease. Renal disease patients are indicated as closed boxes, controls as open circles. (a) 
Tubular pJNK immunostaining correlated well with interstitial macrophage accumulation in human renal 
disease, similar to findings in rat I/R. (b) Strong association between tubular pJNK expression and loss 
of estimated glomerular filtration rate (eGFR). Since the decay was exponential, we transformed JNK 
activation to [1/(tubular pJNK)] on the y-axis. Nonlinear regression analysis revealed an r2 of 0.449 
indicating a very strong association between tubular pJNK expression and renal function loss. (c) 
Relationship between tubular pJNK expression and tubulointerstitial fibrosis (TIF). Data are presented 
as mean number of pJNK+ tubular cells per tubulointerstitial field, categorized by TIF score (ranging 0-
4). (d) Double-immunohistochemistry for pJNK (brown) and macrophages (blue), illustrating that pJNK 
expression in tubular epithelial cells was mainly present in areas of macrophage accumulation. 
Magnification 400x. Inset: Detail showing pJNK-positive tubular epithelial cells surrounded by 
macrophages. Magnification ±800x. See page 189 for full color image. 
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was strongly induced in glomerular and tubular epithelial cells (Figure 1). Tubulointerstitial 
pJNK staining strongly correlated with interstitial macrophage accumulation (Figure 2a), loss 
of renal function (as defined by estimated GFR, Figure 2b), and tubulointerstitial fibrosis 
(Figure 2c) across all diseases. Expression of pJNK did not correlate significantly with 
proteinuria. Double-immunostaining revealed that pJNK was expressed by tubular cells within 
in areas of interstitial macrophage accumulation (Figure 2d). In human renal disease, pJNK 
was also expressed in collecting duct cells (not shown) and within arteries in endothelial and 
vascular smooth muscle cells. Incubation of the primary antibody with a pJNK blocking 
peptide abrogated immunostaining (Figure 1). Appropriate PBS controls were consistently 
negative. 
 
Timecourse of in vivo expression of activated JNK and downstream c-Jun after renal 

ischemia/reperfusion injury 

Further studies aimed to investigate the activity of the JNK pathway in the rat unilateral 
ischemia/reperfusion (I/R) model, a model of tubulointerstitial injury which is characterized by 
acute tubular injury, followed by interstitial macrophage accumulation (from 24h after I/R) and 
tubulointerstitial repair. We studied tubular expression of activated JNK (pJNK) and its 
downstream transcription factor c-Jun (pc-Jun) at several time points after I/R. Activation of 
JNK and c-Jun within renal tubular epithelial cells demonstrated a biphasic pattern (Figure 
3a). The JNK pathway was already activated at 30 min after I/R, declined at 6 h, but 
increased even stronger after 24 h. The second JNK/c-Jun peak (≥24 h) parallelled interstitial 
macrophage accumulation. Although phosphorylated JNK was predominantly found in the 
nuclear compartment, the cytoplasm was often positively stained as well. pJNK was mainly 
present in tubular epithelial cells, but also in some collecting duct cells, large arteries (within 
vascular smooth muscle cells and endothelial cells) and a limited number of glomerular and 
parietal glomerular epithelial cells (Figure 3b). Activated c-Jun was expressed only in the 
nuclei of these same cell types. Both tubulointerstitial pJNK staining and numbers of pc-Jun+ 
cells correlated with interstitial macrophage accumulation across all timepoints ≥24 h (Figure 
4). Moreover, macrophages were mainly present in pJNK+ and pc-Jun+ areas, as revealed 
by double-immunostaining. 
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Figure 3. JNK activation over time in the rat I/R model 
a. Tubular JNK and c-Jun activation at several timepoints after unilateral ischemia/reperfusion (I/R), 
quantified by counting pJNK or pc-Jun positive tubular epithelial cells per tubulointerstitial field 
following immunohistochemistry. Already at 30 min, activation of JNK and c-Jun is induced, then, their 
activities decline at 6 hours after I/R, however after 24 hours post-I/R, activities of both JNK and c-Jun 
are again strongly induced. Note the increased interstitial accumulation of macrophages (gray) from 24 
hours after I/R, which parallels induction of tubular JNK and c-Jun activation. At all time points, pJNK 
and pcJun expression are significantly increased compared to sham (p<0.05).  
b. Representative images of renal pJNK (upper images) and pc-Jun (lower images) immunostaining at 
several time points after I/R. Note that (as expected) pJNK is expressed both in the nucleus and the 
cytoplasm, whereas the activated transcription factor pc-Jun is only expressed inside the nucleus. See 
page 189 for full color image. 
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Figure 4. Relationship 
between JNK/c-Jun 
activation and macro-
phage influx. 
a. Double-immunohisto-
chemistry identified 
pJNK (upper images, 
brown staining) or pc-
Jun (lower images, 
brown) immunostaining 
in tubular epithelial cells 
within areas of 
interstitial macrophage 
accumulation (mø, 
blue). Magnifications: 
200x (left images) and 
400x (right images). 

See page 190 for full color image. b. Scatter diagram illustrating the corre-lations between interstitial 
macrophage accumulation and tubular pJNK (open squares) or pc-Jun (triangles) expression in the rat 
unilateral ischemia/reperfusion model. In this analysis, data from several time points ≥24 h after I/R, 
when the interstitial accumulation of macrophages is induced, were included. Interstitial macrophage 
accumulation correlated with tubular expression of pJNK and pc-Jun, respectively.  
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Effects of SP600125 in the rat I/R model 

Next we studied whether systemic administration of SP600125 affected renal JNK activity in 

vivo by determination of the activated form of the downstream transcription factor c-Jun (pc-
Jun) in renal lysates. Renal pc-Jun expression was strongly induced at 4 days after I/R 
compared with normal renal tissue, and treatment with SP600125 reduced renal pc-Jun 
expression 4 days after I/R (Figure 5). The JNK inhibitor reduced tubular injury, as indicated 
by a clear reduction in tubulointerstitial osteopontin expression at 15 days after I/R compared 
to vehicle-treated rats (Figure 6). Renal MCP-1 gene expression (Figure 7) was induced at 4 
days after I/R and even stronger increased at 15 days; SP600125 significantly reduced MCP-
1 at 4 days (-40%, p<0.05) and even more pronounced at 15 days (-53%, p<0.001) after I/R 
compared to vehicle. Similarly, SP600125 strongly reduced interstitial macrophage 
accumulation (Figure 8a,b) at 4 (-48%, p<0.01) and 15 days (-54%, p=0.001). In vehicle-
treated animals, macrophage accumulation increased between 4 and 15 days, whereas it  
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5. JNK inhibition reduces c-Jun activation 
Effect of the JNK inhibitor SP600125 on renal c-Jun phosphorylating activity in the rat unilateral 
ischemia/reperfusion (I/R) model. Rats were treated with SP600125 (30 mg/kg/day) from 2 h before 
induction of I/R until 4 d after I/R. The presence of phosphorylated c-Jun within renal lysates was 
measured by Western Blotting (representative bands are shown). Band immunostaining was quantified 
by densitometry. In rats treated with vehicle, c-Jun phosphorylation was induced compared to normal 
kidney tissue, which was reversed by SP600125. β-actin bands indicate similar protein loads per lane. 

pc-Jun
β-actin 

normal        I/R+           I/R+
kidney      vehicle     SP600125 
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remained similar in SP600125-treated rats. Circulating white blood cell numbers were not 
affected by JNK inhibition (WBC at 4 days: vehicle 14.3±1.0x109/l; SP600125 14.5±0.7x109, 
p=ns. WBC at 15 days: vehicle 12.3±0.5x109/l; SP600125 13.3±0.7x109/l, p=ns). Renal 

procollagen-1α1 gene expression was not reduced by SP600125 in this model (not shown). 
 

JNK inhibition reduces expression of MCP-1 gene in cultured renal tubular epithelial cells 

The role of JNK in renal inflammation was further evaluated in cultured renal tubular epithelial 

cells (NRK-52E). In these cells, stimulation with IL-1β (20 ng/ml), TGF-β1 (10 ng/ml) or BSA 

(30 mg/ml) for 24h potently induced MCP-1 expression (Figure 9a). IL-1β elicited a 3000x 
induction of MCP-1 gene expression. Pre-incubation with the JNK inhibitor SP600125 (20 

µM) for 1 h strikingly reduced MCP-1 expression induced by all stimuli; IL-1β-induced MCP-1 

induction was reversed by 150x, TGF-β-induced MCP-1 expression was reduced to below  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. The JNK inhibitor SP600125 ameliorates tubulointerstitial osteopontin expression in 
the rat unilateral ischemia/reperfusion model 
Tubulointerstitial osteopontin protein expression in the rat ischemia/reperfusion (I/R) model. Animals 
treated with the JNK inhibitor SP600125 showed similar osteopontin expression compared to vehicle at 
4 days after I/R. At 15 days after I/R, however, the expression of osteopontin was significantly reduced 
in the SP600125-treated animals, compared to vehicle-treated rats. The reduction between 4 and 15 
days was significant in SP600125-treated rats (p=0.01), not in vehicle-treated rats (p=0.09). 
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control levels. Furthermore, procollagen-1α was induced by IL-1β, TGF-β1 and BSA, and 

strongly reversed by SP600125 (Figure 9b). The JNK inhibitor alone also reduced basal 

expression of MCP-1 and procollagen-1α1, however no increased cell death was observed in 
cells treated with SP600125 at the end of the experiment. 

 
Figure 7. JNK inhibition reduces renal MCP-1 gene expression in vivo 
Renal MCP-1 gene expression after I/R in rats treated with SP600125 or vehicle. Rats were treated for 
4 days with SP600125 (30 mg/kg/day) or vehicle and were sacrificed at 4 or 15 days after I/R. Normal 
Wistar rats were used as controls. Renal MCP-1 gene expression was induced at 4 days and was 
increased further at 15 days after I/R in vehicle-treated rats; treatment with SP600125 strongly reduced 
renal MCP-1 gene expression at 4 days, moreover, MCP-1 remained stable at 15 days after I/R in rats 
treated with SP600125. 
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Discussion 
 
To our knowledge, this is the first paper reporting systemic administration of a specific JNK 
inhibitor in an experimental animal model of renal damage. In the rat unilateral 
ischemia/reperfusion model, the specific JNK inhibitor SP600125 reduced renal c-Jun 
activation, tubulointerstitial osteopontin expression, MCP-1 gene expression and interstitial 
  
 
 
 
 
 
 
 
 
 

a 

4 d-vehicle 4 d-SP600125 

15 d-vehicle 15 d-SP600125 
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macrophage accumulation. Furthermore, the induction of JNK activation in human renal 
disease and the strong association with the severity of tubulointerstitial damage suggest that 
JNK activation also contributes to human renal pathophysiology. 
JNK activation was strongly induced in all studied types of human renal disease, both in 
tubular and in glomerular cells. Across all disorders, we found strong correlations between 
tubular JNK activation and interstitial macrophage accumulation, interstitial fibrosis and 
reduced estimated GFR. Subtle yet significant JNK activation was found in diseases with 
limited or no structural abnormalities such as minimal change disease, supporting the concept 
that JNK activation is an early event in the process of renal injury. We were unable to identify 
a correlation between JNK activation and proteinuria, which could be explained by the 
diversity of the population (which was analyzed across diseases) and by the fact that many 
patients were on antiproteinuric treatment, thus dissociating the amount of proteinuria from 
the ongoing intrarenal pathophysiological processes. JNK activation was generally more 
prominent in tubular than in glomerular cells, moreover, tubular JNK activation was stronger 
than glomerular JNK associated with the severity of renal damage. Given these findings, 
together with the fact that numerous recent publications emphasize the central role of 
tubulointerstitial injury in the final common pathway of kidney failure (17;18), we conducted 
further experiments in a model characterized predominantly by tubulointerstitial injury. First, 
we evaluated the presence of activated JNK and c-Jun, a crucial transcription factor 
downstream of JNK (19) in the kidney after unilateral I/R injury. Already at 30 min after I/R, 
activated JNK and c-Jun was expressed by tubular epithelial cells, which is in line with 
previous studies in uni- or bilateral ischemia/reperfusion (20;21). Moreover, the extent of 
  

Figure 8. JNK inhibition reduces interstitial macrophage accumulation (previous page) 
a. Interstitial macrophage accumulation in the unilateral I/R model. In comparison with normal kidney 
tissue, interstitial macrophage accumulation was increased in rats treated with vehicle at 4 days after 
I/R and even more pronounced at 15 days. SP600125 reduced interstitial macrophage accumulation at 
4 and (even stronger) at 15 days. 
b. Representative images of immunohistochemistry for the rat macrophage marker ED-1 
(counterstained with period acid-Schiff), illustrating the striking reduction of interstitial macrophage 
accumulation in I/R rats treated with SP600125 (right images) compared with vehicle-treated rats (left 
images). Rats were sacrificed either 4 (upper images) or 15 (lower images) days after induction of I/R. 
See page 190 for full color image. 
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JNK activation in tubular cells correlated with interstitial macrophage accumulation, 
suggesting involvement in renal inflammation. The time course of JNK and c-Jun activation in 
the I/R model appears biphasic (Figure 3). Although difficult to interpret, we speculate that the 
first peak of JNK/c-Jun activation within the first hours after I/R is associated with the 
recruitment of macrophages from the circulation. The second ‘peak’, which is sustained until 
at least 3 wks after I/R, may be associated with the local inflammatory response or may, for 
example, be related to renal repair in response to I/R. 
To evaluate the hypothesis that JNK activation is required for the recruitment of macrophages 
to the renal tubulointerstitium, we used the specific JNK inhibitor SP600125 (22) in the rat 
unilateral I/R model. JNK inhibition provides protection against I/R damage in other organ 
systems, including lungs (23), liver (24), and brain (25). However, to our knowledge, this is 
the first study reporting systemic administration of a JNK inhibitor in a model of renal disease. 
We found that renal induction of c-Jun activation in response to I/R was reduced by treatment 
with SP600125, underlining the efficacy of the inhibitor at the used dose. Furthermore, 
tubulointerstitial expression of osteopontin was ameliorated by the JNK inhibitor at 15 days 
after I/R, indicating a that the compound reduced the degree of tubular injury. In addition, 
osteopontin has been associated with recruitment of macrophages towards the renal 
interstitium (26). 
Renal MCP-1 gene expression was strongly reduced by JNK inhibition. This is in line with 
other studies, for example showing that overexpression of c-Jun causes induction of MCP-1 
in endothelial cells (27). Conversely, dominant-negative c-Jun gene therapy reduced 
myocardial MCP-1 expression in a cardiac model (28). Furthermore, the 5'-flanking region of 
the MCP-1 gene contains multiple AP-1 sites (29).  
 
 

Figure 9. JNK inhibition strongly reduces MCP-1 and procollagen-1α1 expression in cultured 
rat tubular epithelial cells (next page) 
Effects of the JNK inhibitor SP600125 on gene expression in cultured rat tubular epithelial cells (NRK-
52E). Cells were pre-incubated with SP600125 (20 µM) or vehicle (DMSO) for 1 h and then stimulated 
with IL-1β (20 ng/ml), bovine serum albumin (BSA, 30 mg/ml) or TGF-β (10 ng/ml) for 24 h. Expression 
of (a) MCP-1 or (b) procollagen-1α1 was determined by qPCR. JNK inhibition strongly reduced MCP-1 
or procollagen-1α1 gene expression, which was induced by all stimuli. 
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Interstitial macrophage accumulation was similarly reduced in rats treated with SP600125. 
Importantly, upon treatment with SP600125 during the first four days, expression of the MCP-
1 gene and tubulointerstitial macrophage accumulation remained similar to the levels at day 
4. Oppositely, in vehicle-treated rats, MCP-1 and macrophage accumulation were further 
increased at 15 days after I/R. This underlines the relevance of the JNK pathway to the 
recruitment of macrophages, and hence to renal injury, during the first days after injury. In a 
previous study, bone marrow-derived macrophages were treated with SP600125 and injected 
in rats treated with anti-glomerular basement membrane serum (30). Strikingly, in that model, 
SP600125 did not affect renal macrophage accumulation but it strongly reduced proteinuria 
and glomerular cell proliferation. Apparently, JNK is also involved in macrophage activation 
(31). The fact that JNK inhibition in macrophages did not inhibit their influx is in harmony with 
our findings indicating that JNK mediates macrophage attraction through MCP-1 production 
by tubular epithelial cells. However, we were unable to detect activated JNK in renal 
macrophages, neither in the I/R model, nor in human renal disease. 
The mechanisms by which JNK may contribute to renal disease were further evaluated in 

vitro by stimulating rat tubular epithelial cells with IL-1β, TGF-β or BSA (32). These stimuli 

strongly induced expression of MCP-1 and procollagen-1α1, which was reversed by the 
selective JNK inhibitor SP600125. Particularly, the compound showed a very strong ability to 
reduce MCP-1 gene expression, up to 150x reduction, further supporting the concept that in 
tubular epithelial cells, MCP-1 expression is mediated by JNK activation. JNK also regulates 
expression of other proinflammatory chemokines including IL-6 and RANTES in tubular 
epithelial cells (33-35). JNK has been shown to be involved in MCP-1 expression in renal 
mesangial cells (36), and vascular smooth muscle cells (37), but previous data on the 
involvement of JNK in MCP-1 expression by tubular cells have been conflicting (34;35;38). 

JNK inhibition did not affect renal expression of procollagen-1α1 mRNA in I/R, as opposed to 

the strong effects observed in cultured rat tubular epithelial cells. Although sometimes used 
as a marker of fibrosis, collagen production is also considered crucial to the renal repair 
process; it is thus plausible that the considerable renal injury induced by ischemia/reperfusion 
induced collagen production as a repair mechanism (39). As such, it is unclear whether 
inhibition of collagen expression is always beneficial since it may also affect renal repair. We 
provide several data indicating that JNK inhibition in fact reduces tubulointerstitial injury. 
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In conclusion, the current study suggests that JNK activation in tubular cells is required for the 
recruitment of macrophages towards the renal tubulointerstitium. Given the central role for 
interstitial macrophage accumulation in renal pathophysiology (40;41) and the profound JNK 
activation in human renal disease, JNK inhibition may be a suitable strategy in renal disease, 
especially those characterized by macrophage accumulation. 
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Abstract 
 
The transcription factor c-Jun regulates the expression of genes involved in proliferation and 
inflammation; however, its role in human renal disease is largely unclear. 
We quantified renal expression of activated c-Jun (pc-Jun) in control renal tissue and in 
biopsies of patients with various renal diseases (diabetic nephropathy, focal 
glomerulosclerosis, hypertension, IgA nephropathy, membranous glomerulopathy, minimal 
change disease, membranoproliferative glomerulonephritis, systemic lupus erythematosus, 
acute rejection, and Wegener's granulomatosis), and correlated this with parameters of renal 
damage. To clarify the functional role of c-Jun activation in renal cells, we stimulated human 

tubular epithelial cells (HK-2) with TGF-β and measured c-Jun activation after 1h, 6h, and 

24h. Furthermore, we studied whether inhibition of c-Jun activation affects procollagen-1α1 
or MCP-1 gene expression.  
Activated c-Jun was present in nuclei of glomerular and tubular cells in all human renal 
diseases, but only sporadically in controls. Across diseases, the extent of pc-Jun expression 
correlated with the degree of focal glomerulosclerosis, interstitial fibrosis, Kidney injury 
molecule-1 expression, macrophage accumulation and renal function impairment. In vitro, in 

HK-2 cells, TGF-β induced c-Jun activation after 1h (+40%, p<0.001) and 24h (+160%, 

p<0.001). The specific c-Jun N-terminal kinase (JNK) inhibitor SP600125 abolished c-Jun 

phosphorylation and blunted TGF-β- or BSA-induced procollagen-1α1 and MCP-1 gene 

expression in HK-2 cells.  
In human renal disease, the transcription factor c-Jun is activated in glomerular and tubular 
cells. Activation of c-Jun may be involved in the regulation of pro-inflammatory and/or fibrotic 
processes in human renal disease; its inhibition therefore may be a suitable strategy in renal 
disease. 
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Introduction 
 
Nuclear transcription factors, which bind to the DNA and regulate gene transcription, exert 
important regulatory function in many physiological and pathophysiological processes, 
including the regulation of proinflammatory and profibrotic genes. Animal studies as well as in 

vitro experiments support a role in renal damage (1-3) but little is known about their relevance 
in human renal disease. 
The transcription factor c-Jun is part of the Activator Protein-1 (AP-1) complex, which 
regulates the expression of genes involved in proliferation, cell death, differentiation and 
inflammation (4-6). The AP-1 complex consists of either c-Jun homodimers or heterodimers 
containing the transcription factors c-Jun, ATF-2 or c-Fos (7). c-Jun is activated through 
phosphorylation at residues Ser63 and Ser73 by interaction with activated c-Jun N-terminal 
kinase (JNK) (8). Previous studies have associated c-Jun activation with the regulation of 
inflammatory or profibrotic genes (e.g. MCP-1, as demonstrated in vascular endothelial cells 
(9)). Moreover, activation of the JNK/c-Jun pathway has been associated with renal damage 
in various animal models (10-12).  
Activated c-Jun is expressed in small quantities in the normal human kidney, mainly in distal 
tubular epithelial cells, but also in collecting ducts (13). In human renal disease, the AP-1 
complex is activated in tubular epithelial cells (14), but the role of the c-Jun component in 
these cells is unclear. In polycystic kidney disease, increased activation of activated c-Jun, 
ATF-2 and c-Fos has been found in small cysts, dilated ducts, and tubules surrounded by 
fibrotic interstitium (13); however, whether c-Jun activation is induced in other human renal 
disorders, and whether the extent of c-Jun activation is related to the degree of renal damage, 
is unknown. 
In the present study, we investigated the activation of c-Jun in renal biopsies from patients 
with various renal disorders and correlated the extent of c-Jun activation with parameters of 
renal inflammation and fibrosis. Furthermore, we evaluated the spatial relationship between 
activated c-Jun and ATF-2 (another AP-1 component) in human renal biopsies. To address 
the functional role of c-Jun activation in renal damage, we evaluated whether inhibition of c-
Jun activation (using the specific JNK inhibitor SP600125 [anthra[1-9cd]pyrazol-6(2H)-one]) 
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affects expression of the inflammatory gene MCP-1 or the fibrotic gene procollagen-1α1 in 

cultured human tubular epithelial cells (HK-2). 
 
 

Methods 
 
Patients 

All procedures and use of anonymized tissue were performed according to Dutch national 
ethical guidelines. Renal biopsy specimens were obtained from 84 patients with various renal 
diseases who were admitted to our hospital. Diagnoses were based on clinical findings and 
histological examination by a qualified pathologist, unrelated to the present study. Patients 
were selected to represent a variety of disorders: diabetic nephropathy (n=10), focal 
glomerulosclerosis (n=9), hypertension (n=7), IgA nephropathy (n=9), membranous 
glomerulopathy (n=9), minimal change disease (n=8), membranoproliferative 
glomerulonephritis (n=7), systemic lupus erythematosus (n=8), acute rejection (n=8), and 
Wegener's granulomatosis (n=9). Unaffected parts of kidneys from patients with renal cell 
carcinoma (n=7) were used as control specimens. Tissue was fixed in 4% paraformaldehyde 
and processed for paraffin embedding. Clinical parameters (blood pressure, serum creatinine 
and proteinuria), obtained at the time of biopsy, were determined according to routine 
procedures. Renal function (eGFR) was estimated from serum creatinine by the simplified 
MDRD equation(15). Patient characteristics at time of biopsy, including renal biopsy data, are 
presented in Table 1. 
 
Cell culture studies 
Cell culture experiments were performed in HK-2 cells (American Type Culture Collection 
(ATCC), Manassas, VA, USA), which are well-characterized human proximal tubular epithelial 
cells. Cells were grown in monolayer culture in RPMI-1640 medium (Cambrex, Verviers, 
Belgium) supplemented with 2 mM L-glutamine, penicillin (100 U/ml) / streptomycin (100 
�g/ml), and 10% fetal calf serum, in humidified air at 37 °C with 5% CO2. Cells were seeded in 
6-well plates until ±80% confluence; prior to each experiment cells were washed twice with  
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Disease Age 
(years) 

Gender 
(M/F) 

eGFR 
(ml/min) 

Proteinuria 
(g/d) 

MME 

      
Control 61 (29-83) 4/3 70 (44-96) – 0.1 (0.0-0.2) 
DN 63 (45-66) 5/5 44 (16-80) 4.4 (0.1-10) 3.6 (1.9-4.0) 
FGS 51 (6-64) 6/3 39 (10-54) 5.7 (2.8-11.6) 2.7 (2.4-3.4) 
Hypertension 48 (25-73) 4/3 35 (18-65) 1.0 (0.2-6.3) 2.1 (1.4-3.3) 
IgA 23 (4-43) 6/3 81 (53-88) 3.1 (1.0-7.5) 1.9 (0.3-3.8) 
MGP 51 (35-69) 5/4 58 (16-83) 7.9 (4.1-24.4) 0.5 (0.1-3.2) 
Minimal change 12 (2-43) 6/2 94 (74-140) 4.15 (0-8.9) 0.4 (0.0-2.0) 
MPGN 22 (5-59) 4/3 23 (4-118) 4.4 (1.3-10.8) 2.1 (0.0-3.0) 
SLE 37 (26-77) 2/6 43 (17-70) 3.2 (0.3-7.9) 2.5 (0.5-3.2) 
Acute rejection 48 (26-67) 3/5 33 (28-49) 0.4 (0.2-1.7) 0.4 (0.2-0.7) 
Wegener 71 (25-84) 6/3 16 (11-23) 0.7 (0.5-4.0) 1.5 (0.6-2.7) 
 
 
Continued: 

    

Disease FGS IF Glomerular 
mø 

Interstitial 
mø 

     
Control 0.0 (0.0-0.2) 0 (0-1) 0.3 (0.0-0.7) 1 (0-3) 
DN 1.5 (0.3-3.3) 2 (1-3) 2.4 (0.7-5.9) 35 (7-162) 
FGS 2.3 (0.2-3.3) 3 (1-4) 4.4 (0.9-4.8) 45 (24-78) 
Hypertension 1.6 (0.4-3.0) 3 (2-3) 0.9 (0.1-3.4) 36 (10-160) 
IgA 1.4 (0.1-3.8) 2 (0-3) 3.7 (1.2-6.3) 35 (6-72) 
MGP 0.4 (0.0-3.0) 1 (0-3) 1.4 (0.5-9.0) 34 (0-113) 
Minimal change 0.0 (0.0-0.3) 0 (0-1) 0.4 (0.2-1.0) 9 (1-28) 
MPGN 0.3 (0.0-2.7) 1 (0-4) 3.6 (0.6-18.3) 106 (5-194) 
SLE 1.2 (0.2-2.7) 2 (0-3) 5.9 (3.7-9.0) 23 (3-83) 
Acute rejection 0.0 (0.0-0.4) 1 (0-2) 0.9 (0.2-3.0) 92 (33-138) 
Wegener 1.5 (0.4-2.5) 2 (1-4) 5.2 (2.9-12.0) 71 (39-162) 
 
 
 
 
Table 1. Clinical and histopathological data 
Values are expressed as median (range). Abbreviations: M/F, male/female ratio; eGFR, estimated 
glomerular filtration rate; MME, mesangial matrix expansion; FGS, focal glomerulosclerosis; IF, 
interstitial fibrosis; mø, macrophage accumulation; DN, diabetic nephropathy; FGS, focal 
glomerulosclerosis; MGP, membranous glomerulopathy; MPGN, membranoproliferative 
glomerulopathy; SLE, systemic lupus erythematosus. 
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HBSS and starved in serum-free medium for 24 h. The cells were stimulated with human 

recombinant TGF-β1 (10 ng/ml, Roche Diagnostics, Almere, the Netherlands) or bovine 

serum albumin (BSA, 30 mg/ml, Sigma, St. Louis, MO) under serum-free conditions. Before 

stimulation, cells were pre-incubated with the JNK inhibitor SP600125 (20 µM in DMSO, 

Tocris Bioscience, Bristol, United Kingdom), or with vehicle (DMSO only) for 1 h prior to 
stimulation. Experiments were performed at least four times.  
 
Antibodies 

For immunohistochemistry and Western Blotting, primary antibodies for phosphorylated c-Jun 
(pc-Jun), and ATF-2 (pATF-2) were obtained from Cell Signaling Technology; antibodies 
against the human macrophage marker CD68 were from Serotec Ltd, Oxford, UK. For 

double-immunostaining, the following antibodies were used: anti-α-smooth muscle actin 
(SMA, clone 1A4, Sigma Chemical Co., St. Louis, MO, USA); anti-vimentin (DakoCytomation, 
Glostrup, Denmark); anti-Kidney Injury Molecule-1 (Kim-1, kindly provided by Dr. V. Bailly, 
Biogen Inc, Cambridge, MA); and anti-CD68. Binding was detected by incubation with 
horseradish peroxidase-labeled polyclonals (Dakopatts, Glostrup, Denmark). For double-
immunohistochemistry, alkaline phosphatase-labeled polyclonals (Dakopatts) were used as 
well. For double-immunofluorescence, we used FITC-labeled goat anti-rabbit and TRITC-
labeled goat anti-mouse secondary antibodies. 
 
Immunohistochemistry 

Two-µm paraffin sections were dewaxed and antigen retrieval was achieved by incubation in 
0.1 M Tris/HCl buffer (pH 9.0) overnight at 80°C. Endogenous peroxidase was blocked by 
incubation with 0.3% H2O2 in PBS for 30 min. Sections were incubated with the primary 
antibody (see above) for 60 min at RT. Binding was detected by sequential incubation with 
peroxidase-labelled secondary and tertiary antibodies, respectively, in the presence of 1% AB 
serum (Sigma). The peroxidase activity was visualised using 3,3’-diaminobenzidine 
tetrahydrochloride (DAB, DAKO) for 10 min; sections were counterstained with hematoxylin 
and mounted with Kaiser’s glycerin gelatin.  
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Double-immunohistochemistry/-immunofluorescence 

After antigen retrieval and endogenous peroxidase blocking (see above), paraffin sections 
were incubated with primary pJNK or pc-Jun antibodies for 60 min. Binding was detected by 
sequential incubation with appropriate secondary and tertiary horseradish peroxidase-labeled 
antibodies in the presence of 1% AB serum for 30 min; peroxidase activity was visualized by 
incubation with 3-amino-9-ethylcarbazole (AEC) for 10 min. The immunoreaction was stopped 
by incubation with 0.1 M glycin (pH=2.5) for 60 min. Then, sections were incubated for 60 min 
with antibodies against either anti-SMA (recognizing activated mesangial cells and 
myofibroblasts), anti-Kim-1, anti-vimentin, or anti-CD68 (macrophages), followed by 
appropriate secondary and tertiary alkaline phospatase-labeled antibodies. Endogenous 
alkaline phosphatase was blocked with levamisole (Sigma). Specific alkaline phosphatase 
activity was developed with Naphtol AS-MX phosphate and Fast Blue BB (Sigma). 
Appropriate PBS controls were consistently negative (data not shown). 
To investigate c-Jun and ATF-2 expression in human renal tissue, we used double-
immunofluoresence. Briefly, after antigen retrieval and endogenous peroxidase blockade, 
sections were incubated with rabbit anti-p-c-Jun and mouse anti-p-ATF-2 antibodies. Next, 
sections were incubated with FITC-labeled goat anti-rabbit and TRITC-labeled goat anti-
mouse secondary antibodies, respectively, and sections were studied under fluorescent 
microscope. 
 
Quantification of immunostaining 

Glomerular activity of the transcription factor c-Jun was determined by blindly counting the pc-
Jun-positive nuclei of any glomerular cells within Bowman’s capsule (parietal epithelial cells 
not included). The mean glomerular pc-Jun score was calculated for all glomeruli present per 
biopsy. Expression of pc-Jun in the tubuli was quantified by blindly counting the number of pc-
Jun-positive nuclei in a square high-power (400x) field, for 25 fields per biopsy, excluding 
glomerular and vascular areas. Numbers of pc-Jun+ cells per mm2 were calculated. These 
quantification methods are similar to those used in previous studies in human renal disease 
(16;17). Macrophage accumulation was represented by the mean counted number of CD68-
positive cells per glomerulus or tubulointerstitial field within a biopsy; a maximum of 30 
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glomeruli or tubulointerstitial fields, respectively, were scored. All scoring procedures 
described above were performed by a blinded observer. 
 
Analysis of histopathological changes 

Renal biopsies, routinely stained with hematoxylin and eosin, methanamine-silver, or periodic 
acid-Schiff (PAS), were scored for glomerular mesangial matrix expansion (MME), focal 
glomerulosclerosis (FGS) and interstitial fibrosis by a blinded qualified nephropathologist. 
MME was scored positive if broadening of mesangial areas was 2-3 times that of the 
mesangial width seen in glomeruli of control renal tissue. FGS was scored positive if collapse 
of capillary lumina, MME, hyalinosis and adhesion of the glomerular tuft to Bowman’s capsule 
were simultaneously present. Glomeruli were scored for MME and FGS as follows: unaffected 
glomeruli were scored as 0, if one glomerular quadrant was affected a score of 1 was given, 
two quadrants affected was scored as 2, 3 quadrants affected was scored as 3, and if all 
quadrants were positive for MME or FGS, a score of 4 was given. Mean glomerular MME or 
FGS scores were calculated. 
Interstitial fibrosis was scored positive when tubular atrophy and broadening of the peritubular 
compartment were simultaneously present. Scores of 0-4 were assigned: a score of 0 
indicated no interstitial fibrosis, a score of 1 indicated 0-25% involvement of the total 
interstitial surface of the biopsy, a score of 2 indicated 25-50% involvement, a score of 3 
indicated 50-75% involvement, and a score of 4 indicated 75-100% involvement.  
 
Real-time RT-PCR 

Cultured cells were harvested using lysis buffer and total RNA was isolated from the cells 
using a Stratagene Minikit (Stratagene, La Jolla, CA). RNA content was measured by a 
nanodrop UV-detector (NanoDrop Technologies, Wilmington, DE). cDNA was synthesized 
from the similar amount of RNA using the Superscript III first strand synthesis kit (Invitrogen, 
Carlsbad, CA). Gene expression levels were measured by quantitative real-time RT-PCR 
(Applied Biosystems., Foster City, CA). Taqman primers were obtained from Applied 
Biosystems (Assay−On−Demand). Then, qPCR™ Mastermix Plus (Eurogentec, Seraing, 
Belgium) was used as a fluorescent probe for real-time RT-PCR. For each sample, 1.25 µl of 
cDNA was mixed with 0.5 µl of gene-specific primer mix, 4.5 µl water and 5 µl qPCR™ 
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Mastermix Plus. The cDNA amplification was performed until 40 cycles. Finally, the threshold 
cycle number (Ct) was calculated for each gene and relative gene expressions were 
calculated after normalizing for the expression of the control gene GAPDH. 
 
pc-Jun Sandwich ELISA 

In HK-2 cells, the levels of activated c-Jun were measured using a specific phospho-c-Jun 
(Ser63) Sandwich ELISA kit (#7260, Cell Signaling Technology, Danvers, MA), according to 
the manufacturer's guidelines. Briefly, cells were lysed using a cell lysis buffer containing 
protease and phosphatase inhibitors. Upon incubation in a 96-well plate coated with a specific 
anti-pc-Jun antibody, the phosphorylated c-Jun was captured from the lysate, detected with 
an anti-c-Jun monoclonal antibody, and amplified by a HRP-linked anti-mouse antibody. Color 
was developed using a HRP substrate. The magnitude of optical density, which is 
proportional to the quantity of pc-Jun, was quantified using a Varioskan plate reader (Thermo 
Electron Corporation, Waltham, MA).  
 
Statistical analysis 

Data are indicated as mean±standard error of the mean unless indicated otherwise. 
Statistical differences between groups were calculated using the non-parametric Kruskal-
Wallis test. Correlations were determined by Spearman's rank test for non-parametric 
variables. An alpha value of 0.05 was considered statistically significant. All analyses were 
performed using SPSS 12.0 (SPSS Inc, Chicago, USA) statistical software. 
 
 

Results 
 
Expression of activated c-Jun in the normal and diseased human kidney 

In control kidney tissue (Figure 1a), activated c-Jun (pc-Jun) was present in a very limited 
number of tubular epithelial and collecting duct cells. In contrast, in all human renal diseases, 
phosphorylated c-Jun was abundantly present, predominantly in tubular epithelial cells. In 
minimal change disease, pc-Jun was induced in a number of tubular epithelial cells (Figure  
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Figure 1 pc-Jun immunohistochemistry (PAS counterstained) in human renal biopsies  
a. Control kidney, showing no pc-Jun immunostaining in glomerular or tubulointerstitial cells. b. Image 
showing a representative biopsy from a patient with minimal change disease (MIN). Note pc-Jun-
positive tubular epithelial cells (arrows). c. Biopsy from a patient with systemic lupus erythematosus 
(SLE), showing little pc-Jun expression in normal tubular cells, but nuclear pc-Jun expression in tubular 
epithelial cells in areas of tubulointerstitial damage (arrows). There is also pc-Jun staining in glomerular 
cells. d. Section from a patient with membraneous glomerulopathy showing strong nuclear pc-Jun 
staining in an area of tubulinterstitial fibrosis. e. Biopsy from a patient with diabetic nephropathy, 
showing severe tubulointerstitial fibrosis with strong nuclear pc-Jun staining in tubular epithelial cells. 
Inflammatory cells were negative. f. Detail of a glomerulus with glomerulosclerosis, displaying pc-Jun-
positive glomerular cells (arrows) and parietal epithelial cells (arrowheads). Magnifications: 200x (a-d) 
and 400x (e,f). See page 191 for full color image. 
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1b); in the other renal diseases, tubular pc-Jun expression was predominantly found in areas 
of tubulointerstitial fibrosis (Figures 1c-e). pc-Jun staining was also present in the glomerular 
tuft in all human renal diseases (Figure 1f, arrows). In addition, limited numbers of glomerular 
parietal epithelial cells were pc-Jun-positive (Figure 1f, arrowheads), as well as some 
collecting duct cells (not shown). Within renal arteries, endothelial cells were positive for pc-
Jun while vascular smooth muscle cells were negative (not shown). In all cases, as expected, 
pc-Jun staining was restricted to the nuclear compartment. Quantification of pc-Jun 
immunostaining revealed significant increments of activated c-Jun in glomerular and tubular 
cells in all renal disorders (Figure 2, all p<0.05 vs controls). 

 

Figure 2. Quantification of glomerular and tubulointerstitial pc-Jun immunostaining 
Graph indicating the extent of glomerular and tubulointerstitial pc-Jun immunostaining in human renal 
disease. Mean numbers ± SEM of pc-Jun-positive cells per glomerulus or per tubulointerstitial field are 
presented. In all human renal diseases, both glomerular and tubulointerstitial pc-Jun immunostaining 
was increased compared to controls (p<0.05). Abbreviations: Con, control kidneys; DN, diabetic 
nephropathy; FGS, focal glomerulosclerosis; Hypt, hypertension; IgA, IgA nephropathy; MGP, 
membranous glomerulopathy; MIN, minimal change disease; MPGN, membranoproliferative 
glomerulonephritis; SLE, systemic lupus erythematosus; AR, acute rejection. 
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Activation of c-Jun is associated with histopathological parameters and renal function 

In addition to the expression of activated c-Jun in renal diseases, we found that glomerular 
activation of c-Jun was quantitatively correlated with the degree of glomerular damage, as 
reflected by mesangial matrix expansion (MME; Figure 3a) and focal glomerulosclerosis 
(FGS; Figure 3b). Furthermore, tubular pc-Jun expression was associated with interstitial 
fibrosis (Figure 3c). We also observed a strong association between renal function,  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 
Figure 3. Correlations between c-Jun activation and parameters of renal injury 
Glomerular pc-Jun immunostaining by a break-up in quartiles of: (a) mesangial matrix expansion 
(MME), or (b) focal glomerulosclerosis (FGS). Significant differences in glomerular pc-Jun staining 
were found between the quartiles of MME (Kruskal Wallis: p=0.001) and FGS (Kruskal Wallis: p=0.01). 
(c) Tubulointerstitial pc-Jun immunostaining by a break-up per interstitial fibrosis score: 0, no fibrosis; 
1, mild fibrosis; 2, intermediate fibrosis; ≥3, severe fibrosis. A significant difference was found between 
the groups (Kruskal Wallis: p=0.01). (d) Scatter diagram illustrating the relationship between the 
estimated glomerular filtration rate (eGFR) and tubulointerstitial pc-Jun staining, showing a significant 
negative correlation (Spearman: r = -0.456, p<0.01). 
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represented by the estimated GFR (eGFR), and tubular pc-Jun expression (Figure 3d). There 
was no significant correlation between eGFR and glomerular pc-Jun, nor between proteinuria 
and renal pc-Jun immunostaining.  
 

Activation of c-Jun is associated with macrophage accumulation and Kim-1 expression 

Double-immunohistochemistry revealed that tubular pc-Jun immunostaining was 
predominantly present in areas with interstitial macrophage accumulation (Figure 4a, arrows). 
Moreover, both glomerular and tubular pc-Jun expression significantly correlated with 
macrophage accumulation in the same compartments across all diseases (Table 2). We also 
found consistent co-localization of pc-Jun with Kidney injury molecule-1 (Kim-1), indicating 
that nuclear pc-Jun is mainly expressed by injured tubular epithelial cells (Figure 4b, arrows). 
Both glomerular and tubular pc-Jun expression correlated significantly with Kim-1 expression 

across all diseases. On the other hand, only some tubular cells in α-smooth muscle actin-
positive areas expressed pc-Jun (Figure 4c, arrows), and there was only partial co-
localization with vimentin, a marker of early tubular dedifferentiation (Figure 4d, arrows).  
 
In human renal disease, pATF-2 is co-expressed with pc-Jun in most tubular epithelial cells 

c-Jun is a crucial part of the activator protein-1 (AP-1) complex, which consists of either c-Jun 
homodimers, or of c-Jun/ATF-2 (or c-Jun/c-Fos) heterodimers. To investigate the relationship 
between activated c-Jun and ATF-2 in the diseased kidney, we performed double-
immunofluoresence for pc-Jun and pATF-2. Strikingly, p-ATF-2 was expressed by almost all 
renal tubular epithelial cells also expressing pc-Jun (Figure 5). There were only very limited 
numbers of cells expressing pc-Jun without pATF-2, or vice versa. These findings were 
confirmed by ATF-2 immunostaining in renal biopsies across various renal disease, showing 
similar renal distribution of activated ATF-2 as compared to activated c-Jun (not shown).  
 

Activation of c-Jun is induced by TGF-β inhibition of c-Jun activity reduces procollagen-1α1 

and MCP-1 gene expression in human tubular epithelial cells 

Human tubular epithelial cells (HK-2) were stimulated with TGF-β; after 1 h, 6 h, and 24 h, 

the amount of phosphorylated c-Jun within the lysates was determined. TGF-β induced c-Jun 
activation at 1 h and 24 h, but not at 6 h (Figure 6). Treatment with the specific c-Jun N-
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terminal kinase (JNK) inhibitor SP600125 abolished c-Jun phosphorylation, both in stimulated 
and in non-stimulated cells at all time points. Just before lysis, the cells were microscopically 
inspected; increased cell death was not observed in any treatment group or time point.  
We further evaluated the role of c-Jun activation by upstream inhibition using SP600125 in 

human tubular epithelial cells (HK-2). The procollagen-1α1 gene, which is a marker of fibrosis 

in these cells, was induced at 24 h after stimulation with TGF-β or BSA (Figure 7a). Pre-

incubation with SP600125 significantly reduced the induction of procollagen-1α1 by TGF-β or 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. pc-Jun double-immunohistochemistry 
Double-immunohistochemistry in renal tissue from a patient with membraneous glomerulopathy, 
stained for both pc-Jun and: (a) the macrophage marker CD68 (blue) showing induction of pc-Jun 
(brown) in areas with tubulointerstitial macrophage accumulation (arrows); (b) Kidney injury molecule-1 
(Kim-1, blue), which displayed consistent co-localization with pc-Jun (red, arrows). This illustrates that 
pc-Jun is expressed mainly by injured tubular epithelial cells in human renal disease; (c) α-smooth 
muscle actin (SMA, blue), showing that in areas of interstitial SMA expression, pc-Jun (red) is also 
expressed (arrows), but not all tubular cells in these areas express pc-Jun; (d) vimentin (blue), showing 
partial co-localization (arrows), suggesting that part (but not all) of the pc-Jun-positive tubular cells 
(red) may be in early tubular dedifferentiation. See page 192 for full color image. 
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  Glomerular  

mø 
Interstitial  

mø 
Kim-1 

     
Glomerular pc-Jun correlation coefficient 0.335 0.331 0.345 
  p value <0.05 <0.05 <0.05 
     
     
Tubulointerstitial correlation coefficient - 0.362 0.409 
                   pc-Jun p value NS <0.05 <0.05 
     
 

Table 2. Correlations of glomerular and tubulointerstitial pc-Jun expression with renal 
macrophage accumulation and Kim-1 expression 
Correlation coefficients (Spearman) and corresponding p values are shown. Abbreviations: mø, 
macrophage accumulation; Kim-1, Kidney injury molecule-1; NS, not significant 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. pc-Jun and pATF-2 double labeling reveals abundant co-expression in tubular cells 
Representative double-immunofluoresence images of FITC-labeled pc-Jun and TRITC-labeled pATF-2 
staining in a renal biopsy from a patient with membraneous glomerulopathy. Both pc-Jun and pATF-2 
are abundantly present in nuclei of tubular epithelial cells. Merged image displays co-localization of 
both transcription factors in many cells (yellow), furthermore a significant number of cells are double-
negative (blue). Only very few cells showed expression of pc-Jun but not pATF-2, or vice versa. See 
page 192 for full color image. 
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BSA. Furthermore, expression of the inflammatory gene MCP-1 was induced by TGF-β but 

not by BSA. This induction was significantly blunted by pre-incubation with SP600125 in HK-2 
cells (Figure 7b). 
 
 

Discussion 
 
The main finding of this study is the presence of activated c-Jun in glomerular and tubular 
cells across a spectrum of human renal disorders. On individual analysis, the extent of c-Jun 
activation was related to the degree of renal interstitial fibrosis, tubular injury and macrophage 
accumulation. Furthermore, intervention with a c-Jun N-terminal kinase (JNK) inhibitor in 
human tubular epithelial cells revealed that activation of c-Jun by JNK is involved in the 
 

Figure 6. Induction of c-Jun activation by TGF-β over time and effects of JNK inhibition 
Human tubular epithelial cells (HK-2) were treated with TGF-β (10 ng/ml) or vehicle both with or 
without pre-incubation with the specific c-Jun N-terminal kinase inhibitor SP600125 (20 µM). Cells 
were lysed at 1 h, 6 h, and 24 h after stimulation, and levels of phosphorylated c-Jun were determined 
using a specific anti-phospho-c-Jun sandwich ELISA kit. Stimulation with TFG-β induced 
phosphorylation of c-Jun at 1 h and 24 h, but not at 6 h. Treatment with SP600125 abolished 
phosphorylation of c-Jun in all groups. 
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expression of procollagen-1α1 and the pro-inflammatory monocyte chemoattractant protein-1 

(MCP-1) in these cells.  
The limited presence of pc-Jun in normal renal tissue suggests that c-Jun activation does not 
play an important role in normal human renal physiology. On the other hand, extensive 
tubular and glomerular c-Jun activation was demonstrated in human renal disease. This is in 
line with a study showing tubular overexpression of AP-1, of which c-Jun is an important 
component, in human proteinuric renal disease (14).  
Remarkably, activation of c-Jun was also induced in minimal change disease, a disorder 
without structural abnormalities (although interstitial macrophage accumulation was slightly 
but significantly increased in minimal changes biopsies (p<0.05; Table 1) compared with 
controls). This suggests that proteinuria, in the absence of overt glomerular and 
tubulointerstitial damage, can induce c-Jun activation. In our population, in contrast with a 
previous study (14), we found no significant association with proteinuria, which may be 
explained by diversity of the population (which was analyzed across diseases) and by the fact 
that patients were on antiproteinuric treatment, thus dissociating the amount of proteinuria  
 

 

Figure 7. Effects of c-Jun inhibition on procollagen or MCP-1 gene expression in renal cells 
Left: stimulation of HK-2 cells with TGF-β (10 ng/ml) or BSA (30 mg/ml) for 24 h induced procollagen-
1α1 gene expression, which was reduced by pre-incubation for 1 h with the JNK inhibitor SP600125 
(20 µM). Basal procollagen-1α1 expression was also reduced by the JNK inhibitor. Right: induction of 
MCP-1 gene expression by TGF-β, not BSA. Pre-incubation with SP600125 reduced MCP-1 gene 
expression in cells treated with medium, TGF-β, or BSA. # p<0.05 vs medium, * p<0.05 vs without 
SP600125 
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from the ongoing intrarenal pathophysiological processes. Our findings suggest that activation 
of c-Jun is an early event in the pathological cascades that eventually result in renal structural 
injury, and not limited to specific diagnoses. The data in minimal change disease indicate that 
c-Jun activation alone is not sufficient to induce renal fibrosis. Similarly to c-Jun, activation of 
other transcription factors has also been described previously in minimal change disease 
(18;19).  
Across all renal disorders, the extent of renal c-Jun activation was associated with both 
glomerular and interstitial macrophage accumulation. Moreover, in vitro we found that 
upstream inhibition of c-Jun using the compound SP600125 (20;21) reduced expression of 
MCP-1 in cultured tubular epithelial cells. Through production of MCP-1, tubular epithelial 
cells can attract macrophages to sites of tubular injury (22). Our data suggest that c-Jun 
activation regulates MCP-1 expression in tubular cells; in vivo this mechanism may well be 
important to the interstitial macrophage influx. Previous studies demonstrate that in 
endothelial cells, overexpression of c-Jun induced MCP-1 expression (9), and vice versa, 
dominant-negative c-Jun gene therapy reduced myocardial MCP-1 expression in a cardiac 
model (23). Furthermore, the 5'-flanking region of the MCP-1 gene contains multiple AP-1 
sites (24). Moreover, activation of c-Jun has been associated with inflammation in several 
renal cell types (25;26) and in animal nephritis models (27;28), although to our knowledge 
there are no papers demonstrating anti-inflammatory effects of specific c-Jun or AP-1 
inhibition in experimental renal disease.  
We also demonstrated that in human renal disease, activation of c-Jun correlates and 
colocalizes with Kidney injury molecule-1 (Kim-1), a marker of tubular injury (29), and with 
tubulointerstitial fibrosis. Furthermore, JNK inhibition reduced procollagen expression in 
cultured tubular cells. These data indicate that c-Jun activation may also be related to renal 
fibrosis. Although generally considered to be involved in inflammatory processes, a number of 
in vitro (30;31) and in vivo (11;12) studies also support a role for c-Jun and its upstream 
kinase JNK in renal fibrosis. Future studies should further evaluate a potential role for c-Jun 
activation in renal fibrosis. 
Within areas of renal damage, we found consistent co-localization of the activated 
transcription factor ATF-2, which is also an AP-1 component, with pc-Jun in tubular epithelial 
cells. Activation of ATF-2 has been associated with ischemic renal injury (32) and can be 
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induced in renal cells by high glucose (33) or IL-1 (34), however little is known about its exact 
function. Apparently, concerted activation of c-Jun and ATF-2 is induced in response to injury 
in tubular epithelial cells. Indeed, a study in polycystic kidney disease also reports 
coordinated expression of pc-Jun and pATF-2 in the human kidney, although from this study it 
is unclear whether there is co-localization of pc-Jun and pATF-2 (13).  
In conclusion, the transcription factor c-Jun is induced in human renal disease in both 
glomerular and tubular cells. The extent of c-Jun activation correlated with renal macrophage 
accumulation and fibrosis, and to reduced renal function. In vitro, upstream inhibition of c-Jun 

activation reduced the expression of MCP-1 and procollagen-1α1 in cultured human tubular 
epithelial cells. These data suggest that activation of c-Jun plays a role in human renal 
disease; it may therefore be a target for intervention. 
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Summary 
 
The incidence and prevalence of end-stage renal disease have steadily increased within the 
recent decennia despite the development of powerful pharmacological tools such as ACE 
inhibitors and AT1 receptor blockers. Hence, it is required to identify additional targets for 
intervention in renal disease. Current therapeutic strategies aiming to limit progression of 
renal disease mainly act through drug-target interactions at extracellular (or receptor) level 
(e.g. ACE inhibitors, AT1 receptor antagonists). This thesis addresses the question whether 
intracellular signaling molecules, and especially protein kinases, could be suitable targets for 
intervention in renal disease.  
 
Part I of this thesis addresses the various functions of protein kinases in the kidney, both 
under normal and under disease conditions, and strategies to investigate their role. Protein 
kinases connect signals outside the cell (e.g. receptor ligation) to actions within the cell (e.g. 
gene transcription). By these means, protein kinases are physiological messengers involved 
in signaling pathways regulating virtually all physiological mechanisms. One of the most 
extensively studied groups of protein kinases are the mitogen-activated protein (MAP) 
kinases, as reviewed in chapter 2. The main members of the MAP kinase superfamily are 
p38, extracellular signal-activated kinase (ERK) and c-Jun N-terminal kinase (JNK). MAP 
kinases are present in all renal cells types. Stimuli that can induce MAP kinase activity in vitro 

include growth factors like EGF and PDGF, cytokines like TNF-α and IL-1β, hormones like 

angiotensin II, insulin, bradykinin, and various types of stress including osmotic, mechanic 
and oxidative stress (1). Although most of these factors can induce p38, ERK and JNK, 
relative specificity towards one MAP kinase pathway is common. Upon activation, MAP 
kinases can either interact with proteins in the cytoplasm or transduce signals to the nucleus 
(generally through activation of transcription factors). In normal cells MAP kinases play a role 
in regulation of physiological functions. Under disease conditions, MAP kinase activation is 
often strongly increased, suggesting that modulation of this activation could have therapeutic 
potential. Selective blockade of MAP kinase family members has become possible with the 
availability of highly specific inhibitors. Several recent studies have demonstrated that MAP 
kinase inhibition reduces renal damage in various models including experimental 
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glomerulonephritis and renal fibrosis, suggesting that MAP kinases actively modulate renal 
disease. 
However, protein kinases display many interactions, forming complex signaling cascades. 
Therefore, it might be more fruitful to consider multiple protein kinases simultaneously, rather 
than single kinases. For instance, inhibition of one kinase can be compensated by parallel 
pathways, or can adversely affect other pathways. One example in vivo has been presented 
in the remnant kidney model, where administration of a p38 inhibitor did not improve but 
worsened renal function, proteinuria, glomerulosclerosis and tubulointerstitial injury (2). The 
ERK pathway was highly activated in kidneys of rats treated with the p38 inhibitor, thus, it was 
concluded that p38 inhibition induced ERK activation in this model. Although alternative 
mechanisms were not excluded in that study, cross-talk between kinase pathways has indeed 
been widely established in vitro. Hence, it would be crucial to study not just the activity of one 
particular kinase, but rather a more extensive kinase profile.  
Profiling techniques, allowing to address patterns rather than single factors have emerged 
over the last years for several biological levels (i.e. genomics, proteomics). In line with these 
developments, an array technique has been developed allowing simultaneous analysis of a 
large number of kinases (chapter 3). The array, containing 1100 peptide sequences specific 
to known kinase substrates spotted on a chip, can be exposed to renal lysates, measuring the 
enzymatic activity per particular kinase. In this manner, the chip can profile activities of 
signaling pathways, as had already been demonstrated in isolated inflammatory cells and 
adipocytes (3T3-L1) (3;4). We have been the first to use this kinase array on renal tissue, to 
profile a considerable part of the renal “kinome” (i.e. all mammalian kinases). We profiled the 
kinase activities in lysates from homozygous Ren2 rats, characterized by a strongly activated 
renin-angiotensin-aldosterone system, hypertension and AngII-mediated renal damage. We 

found that p38 MAP kinase and PDGFRβ were increased in untreated Ren2 compared to 
control rats, which was reversed by ACEi. These findings were both confirmed by 
conventional techniques and supported by the literature since p38 MAP kinase inhibition and 

PDGFRβ blockade both provide renoprotection in the homozygous Ren2 model (5;6).  
 
Although identification of increased kinase activation states may suggest their involvement in 
renal disease, specific intervention is required to establish a functional role. Part II addressed 
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the effects of intervention with specific MAP kinase inhibitors in renal disease. Selective 
inhibition of each of the MAP kinase family members (p38, ERK, JNK) has been studied in 
experimental renal disease and in vitro in renal cells. 
In chapters 4 and 5, we investigated whether treatment of homozygous Ren2 rats with either 
a p38 or an ERK inhibitor would reduce glomerular and tubulointerstitial damage. The 
homozygous Ren2 model was chosen since p38 and ERK are operative downstream of the 
AT1 receptor and the RAAS is highly activated in these animals. We demonstrated reduced 
markers of subtle glomerular injury (e.g. desmin expression and mesangial matrix expansion) 
by p38 or ERK inhibition, compared with untreated Ren2. Moreover, treatment with a p38 

inhibitor reduced the tubulointerstitial expression of α-smooth muscle actin, osteopontin and 

Kim-1, as well as interstitial fibrosis; thus, p38 inhibition reduced tubulointerstitial injury in the 
Ren2 model. These effects of MAP kinase inhibition were independent of blood pressure. 
Together, they suggest that MAP kinase inhibition has renoprotective potential in angiotensin 
II-induced renal damage. 
The role of the JNK pathway in renal disease is discussed in chapters 6 and 7. Although the 
role of ERK and p38 activation has been studied in various renal models, much less is known 
about JNK. In chapter 6 we describe that in renal biopsies from patients with various renal 
disorders, JNK is activated in both glomerular and tubular cells. The extent of tubular JNK 
activation correlated with interstitial macrophage accumulation and other parameters of 
tubulointerstitial damage. To investigate whether these associations reflect pathogenetic 
mechanisms, we further addressed the role of JNK in experimental renal disease. In the rat 
unilateral ischemia/reperfusion (I/R) model, we studied the time course of JNK and c-Jun (a 
transcription factor and major JNK substrate) activation. We found that already at 30 minutes 
after I/R, JNK and c-Jun were strongly activated in tubular epithelial cells. The extent of 
tubular JNK and c-Jun activation over time correlated with interstitial macrophage 
accumulation. Moreover, in the I/R model, the JNK inhibitor SP600125 strongly reduced renal 
c-Jun activation, MCP-1 gene expression and interstitial macrophage accumulation, both at 4 
and 15 days after I/R. In cultured renal tubular epithelial cells, inhibition of JNK with the 
specific inhibitor SP600125 strongly reduced MCP-1 gene expression. Together, these data 
suggest that JNK is involved in MCP-1-mediated interstitial macrophage accumulation in 
response to tubular injury (Figure 1).  
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The role of activation of the transcription factor c-Jun, a major signaling target of JNK, in 
human renal disease is addressed in chapter 7. In renal biopsies of subjects with various 
renal disorders, we demonstrated strong induction of c-Jun activation. To identify a potential 
mechanism through which c-Jun may be involved in human renal disease, we studied 
upstream inhibition of c-Jun using the JNK inhibitor SP600125 in cultured human tubular 
epithelial cells. Inhibition of c-Jun activation reduced expression of MCP-1 and procollagen-

1α1 in human tubular epithelial cells, which suggests involvement in inflammatory and 
profibrotic routes in these cells. The fact that in vivo c-Jun was also activated in minimal 
change disease suggests that c-Jun may be activated by proteinuria, and that activation of c-
Jun may be an early event in pathophysiology, regulating the expression of genes involved in 
renal damage. 
 
 
  
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Proposed role for JNK activation in renal injury 
Schematic representation of a proposed role for JNK activation in renal inflammation. In response to 
injury, e.g. as a result of proteinuria (or ischemia/reperfusion), JNK is activated in tubular epithelial 
cells. In turn, JNK activates the transcription factor c-Jun, which increases expression of the MCP-1 
gene. Increased amounts of MCP-1 are released, resulting in the attraction of macrophages towards 
the interstitium, importantly contributing to renal inflammation. 
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General discussion and future perspectives 
 
The studies described in this thesis provide support for a role of MAP kinases in renal 
damage – and suggest that intervention may have therapeutic potential. Renoprotective 
effects of p38 and ERK inhibition, which we demonstrated in the Ren2 model, have similarly 
been shown in a number of other models (7-10). In addition, we are the first to demonstrate 
that systemic JNK inhibition is also beneficial in the renal ischemia/reperfusion model through 
reducing renal inflammation. Our studies provide a conceptual sequence of events, in which 
JNK activation in tubular epithelial cells in response to ischemia/reperfusion results in 
recruitment of macrophages from the circulation through the chemoattractant MCP-1 
(monocyte chemoattractant protein-1; Figure 1). The renal inflammatory response upon 
ischemia/reperfusion could be strongly reduced by renal blockade of JNK activity through 
systemic administration of a JNK inhibitor. 
The current studies thus indicate that MAP kinases could be considered targets for 
intervention in renal disease. However, many questions remain unanswered, even when the 
perspective is limited to experimental renal disease. For example, the long-term effects (e.g. 
in chronic renal disease) of MAP kinase inhibition are still largely unknown. Furthermore, it 
would be important to study whether blockade of the JNK pathway also reduces glomerular 
injury, and if proteinuria can be ameliorated by JNK inhibition. Reduction of proteinuria and 
podocyte injury by a selective p38 inhibitor in experimental nephritic syndrome has already 
been demonstrated (7). 
It is tempting to speculate on future application of MAP kinase inhibitors in clinical renal 
disease. Based on promising results from animal studies, renoprotective effects may also be 
expected in patients. However, the general role of MAP kinases in the normal cell physiology 
implicates that side-effects may be an important drawback for the clinical use of this type of 
inhibitors. Nevertheless, (non-renal) phase I and II trials with p38 inhibitors are currently 
ongoing, for example in patients with rheumatoid arthritis (ClinicalTrials.gov identifier 
NCT00303563). Moreover, in the field of oncology, powerful protein kinase inhibitors have 
already been used in numerous clinical trials with promising results and, surprisingly, 
relatively mild side-effects (11-13).  
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An interesting development to reduce possible side-effects is the concept of renal drug 
targeting. As demonstrated by studies of Prakash et al, a compound can be coupled to a 
carrier molecule that selectively delivers the drug to the kidney. In this manner, a p38 inhibitor 
has been successfully targeted to the kidney (14), moreover, renal targeting of a low single 

dose of a TGF-β kinase inhibitor reduced interstitial macrophage accumulation and fibrosis in 
the unilateral ureteral obstruction (UUO) model (15). These studies are promising, not only 
regarding the targeting of kinase inhibitors, as the availability of any powerful drug that could 
be targeted towards damaged organs without systemic side-effects would have major impact 
on clinical practice. Future studies will have to further evaluate the efficacy and safety of drug 
targeting. 
Another relevant question is whether drugs that specifically inhibit kinase activation should be 
used instead, or on top of RAAS blockade, currently a major therapeutic strategy in renal 
disease. Actually, to our knowledge, no studies on the additional effect of protein kinase 
inhibitors on top of RAAS blockade have been published; since relevant experimental models 
displaying reduced efficacy of RAAS blockade are available (16), such studies may well be 
performed in the near future. Furthermore, it may be interesting to study combinations of 
protein kinase inhibitors, given the fact that inhibition of a single kinase may induce parallel 
signaling pathways. Arraying techniques may well be of use in the selection of appropriate 
protein kinases as targets for intervention under specific conditions. 
In conclusion, although MAP kinase inhibition in human renal disease is currently still a bridge 
too far, the studies presented in this thesis indicate that p38, ERK and JNK play a central role 
in pathophysiological processes in the kidney. Future studies providing more insight in their 
functions in renal physiology and disease, especially concerning the JNK pathway, are 
required in order to further explore their potential roles as targets for intervention in renal 
disease. 
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Nederlandse samenvatting 
 
Veel patiënten met een chronische nierziekte bereiken uiteindelijk eindstadium nierfalen: het 
moment waarop dialyse of een niertransplantatie noodzakelijk is om te overleven. Het aantal 
patiënten met eindstadium nierfalen is in de laatste decennia aanzienlijk gestegen, zowel in 
Nederland als in andere Westerse landen. Deze toename is enerzijds te wijten aan de 
vergrijzing en anderzijds te danken aan de verbeterde prognose voor deze patiënten wat 
betreft sterfte aan hart- en vaatziekten. Het is echter te verwachten dat in de nabije toekomst 
het aantal patiënten met eindstadium nierfalen nog verder zal toenemen. 
 
De ontwikkeling van nieuwe medicatie, zogenaamde angiotensine converting enzyme (ACE) 
remmers en angiotensine II type 1 (AT1) receptor blokkers, hebben voor veel patiënten geleid 
tot uitstel van achteruitgang van de nierfunctie. In dierproeven is zelfs herstel van nierschade 
tengevolge van deze medicatie aangetoond. Echter, ondanks de beschikbaarheid van ACE 
remmers en AT1 blokkers nemen de aantallen dialyse- of transplantatiebehoeftige patiënten 
dus juist toe. Het is duidelijk dat nieuwe (of aanvullende) therapieën nodig zijn. Hiertoe is het 
nodig om in de nier aanwezige factoren, die betrokken zijn bij nierschade en als doelwit voor 
interventie kunnen dienen, te identificeren. 
 
De belangrijkste huidige geneesmiddelen zijn gericht tegen stoffen die zich (voornamelijk) 
aan de buitenzijde van de cel bevinden, bijvoorbeeld het enzym ACE of de AT1 receptor. In 
dit proefschrift is onderzoek gedaan naar de rol van proteïne kinases, specifieke 
boodschappermoleculen die zich binnenin cellen bevinden, in nierziekten. Een centrale vraag 
hierbij was of het remmen van deze signaalmoleculen invloed heeft op het verloop van 
nierschade.  
 
In deel I wordt een overzicht gegeven van de verschillende functies van proteïne kinases in 
de nier, zowel in de gezonde als in de zieke nier; tevens wordt besproken hoe deze kunnen 
worden onderzocht. Proteïne kinases zijn signaalmoleculen die 'boodschappen' van buiten de 
cel (bijvoorbeeld binding van een eiwit aan een receptor) kunnen omzetten in bepaalde acties 



Nederlandse samenvatting  
 

 176

binnenin de cel (zoals het activeren van bepaalde genen in de celkern). Op deze manier 
spelen proteïne kinases een belangrijke rol in de normale celhuishouding.  
 
Een belangrijke en relatief veel onderzochte groep proteïne kinases zijn de zogenaamde 
mitogen-activated protein kinases (MAP kinases). De functies van de verschillende MAP 
kinases (p38, ERK en JNK) in de nier worden uitgebreid beschreven in hoofdstuk 2. MAP 
kinases kunnen, zoals alle proteïne kinases, worden geactiveerd door middel van fosforylatie 
(toevoegen van een fosforgroep). MAP kinases komen uitgebreid in de nier voor, in alle 
celtypen die aanwezig zijn in de nier (bijvoorbeeld endotheelcellen, epitheelcellen en 
mesangiumcellen). Evenzo kunnen ze door zeer veel verschillende stimuli (bijvoorbeeld 
groeifactoren, cytokines of hormonen) worden geactiveerd. Nadat ze worden geactiveerd 
kunnen MAP kinases op hun beurt andere kinases activeren, maar ze kunnen zich ook naar 
de celkern verplaatsen, alwaar ze (via transcriptiefactoren) de expressie van diverse genen 
kunnen reguleren. Op deze manier kan MAP kinase activatie bijvoorbeeld leiden tot het in 
gang zetten van een ontstekingsreactie, of tot celdeling. 
 
Onder normale omstandigheden spelen MAP kinases een belangrijke rol in de regulatie van 
allerlei fysiologische ('normale') processen. In de zieke nier echter blijken sommige MAP 
kinases een sterk verhoogde activiteit te vertonen. Dit zou erop kunnen wijzen dat het 
remmen van de activiteit van deze kinases mogelijk therapeutische effecten zou kunnen 
hebben. Door toepassing van recent ontwikkelde MAP kinase remmers bleek inderdaad dat 
op deze manier nierschade geremd kan worden.  
 
Doordat proteïne kinases verschillende andere soorten kinases kunnen activeren ontstaan op 
deze manier complexe netwerken, zogenaamde 'pathways'. Interacties tussen verschillende 
kinases (of verschillende kinase pathways), komen zeer vaak voor en zorgen er bijvoorbeeld 
voor dat bij het uitvallen van een kinase (of pathway) via een andere weg compensatie 
optreedt. Deze interacties kunnen echter ook negatieve gevolgen hebben. Zo zijn er 
bijvoorbeeld gevallen beschreven waarin in een proefdiermodel voor nierschade één kinase 
werd geremd, waardoor een andere kinase sterk bleek te worden geactiveerd, hetgeen tot 
verergering van nierschade leidde. Vanwege de onderlinge interacties tussen kinases lijkt het 
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zinvol om, in plaats van één specifieke kinase, een of meerdere pathways tegelijk te 
onderzoeken. 
 
In de afgelopen jaren hebben zogenaamde arraytechnieken, met name op het gebied van 
genomics (onderzoek naar genen en genexpressie), een sterke vlucht genomen. De 
arraytechnologie maakt het mogelijk om in één sample duizenden genen tegelijkertijd onder 
gelijke omstandigheden te bestuderen. Uit duizenden genen kan zo een selectie worden 
gemaakt van enkele genen die het meest interessant zijn: de kandidaat genen. Deze kunnen 
vervolgens apart worden geanalyseerd. Analoog aan deze techniek is recent een kinase 
array ontwikkeld die het mogelijk maakt om de activiteit van 1100 kinases tegelijkertijd te 
bestuderen. In hoofdstuk 3 wordt beschreven hoe deze kinase array kan worden gebruikt 
om de kinase-activiteit in nierweefsel te screenen. We hebben deze techniek toegepast in het 
homozygote Ren2 model, een transgeen ratmodel dat wordt gekenmerkt door een sterk 
geactiveerd renin-angiotensine systeem, een ernstig verhoogde bloeddruk en nierschade. 

Van een aantal proteïne kinases, waaronder p38 MAP kinase en PDGFRβ, kon met behulp 
van de array worden vastgesteld dat ze een verhoogde activiteit vertoonden in de nieren van 
Ren2 ratten ten opzicht van controledieren. Behandeling met een ACE remmer, een 
interventie die de nieren beschermt, leidde tot verminderde activatie van beide genoemde 
kinases. Met behulp van conventionele technieken (die normaliter worden gebruikt om de 
activiteit van één kinase aan te tonen) konden deze verschillen tussen de groepen bevestigd 
worden. Aangezien in andere studies reeds is aangetoond dat remming van p38 MAP kinase 

of PDGFRβ nierschade inderdaad kan reduceren, is het waarschijnlijk dat deze kinases een 

rol spelen in de ontwikkeling van nierschade in dit model. Hieruit blijkt dat onze kinase array 
geschikt is om (groepen van) kinases in nierweefsel te identificeren die kandidaat zijn voor 
een relevante rol in nierschade. Gezien de complexiteit van de signaalnetwerken in de nier 
lijkt deze nieuwe techniek belangrijke implicaties te hebben voor toekomstig onderzoek naar 
proteïne kinases. 
 
Hoewel toegenomen activiteit van een bepaalde kinase zou kunnen suggereren dat deze een 
rol speelt in nierziekten dient dit bewezen te worden doordat specifieke remming van (de 
activiteit van) deze kinase reductie van nierschade bewerkstelligt. Deel II behandelt de 
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effecten van interventie met specifieke MAP kinase remmers (i.e. specifieke remming van 
respectievelijk ERK, p38 en JNK) in nierziekten.  
 
In de hoofdstukken 4 en 5 hebben we onderzocht of remming van ERK of p38 schade aan 
de glomeruli (de minuscule filtereenheden in de nier), respectievelijk het tubulointerstitium 
(het buizensysteem waar de urine wordt gevormd uit het glomerulaire filtraat door opname en 
teruggave van allerlei stoffen, en het tussenliggende weefsel), in het homozygote Ren2 
model zou kunnen voorkomen. Het Ren2 model wordt gekarakteriseerd door een sterk 
geactiveerd renine-angiotensine systeem - aangezien ERK en p38 worden geactiveerd als de 
AT1 receptor (een belangrijke component van dit systeem) wordt geactiveerd blijkt het Ren2 
model een geschikt model voor deze vraagstelling. Zowel ERK als p38 remming leidde tot 
reductie van glomerulaire schade (bijvoorbeeld expressie van het eiwit desmine en 
mesangiale matrix expansie, respectievelijk markers voor schade aan podocyten en 
mesangiumcellen, twee zeer belangrijke cellen in de glomerulus). Daarnaast reduceerde p38 

remming de productie van α-gladde spiercel actine in het tubulointerstitium en de productie 
van osteopontine en Kidney injury molecule-1 (Kim-1) door tubulus epitheelcellen, evenals 
interstitiële fibrose. Deze effecten verliepen onafhankelijk van de bloeddruk. Tezamen 
suggereren deze bevindingen dat remming van ERK en p38 nierschade kan reduceren. 
 
De rol van de MAP kinase JNK is nader onderzocht in de hoofdstukken 6 en 7. De functie 
van de MAP kinases ERK en p38 in de nier is tot nu toe vrij uitgebreid onderzocht, maar er is 
veel minder bekend over JNK. In hoofdstuk 6 wordt de aanwezigheid van JNK in  
nierweefsel van patiënten met verschillende nierziekten onderzocht en vergeleken met 
nierweefsel van mensen zonder nierziekte. In het nierweefsel van patienten vonden we dat 
JNK sterk geactiveerd is in glomerulaire en tubulaire cellen. De mate van tubulaire JNK 
activatie correleerde met verschillende parameters van nierschade. Zo was de mate van JNK 
activatie sterker naarmate de nierfunctie slechter was, en naarmate er meer ontstekingscellen 
aanwezig waren in de nier. In het gezonde menselijk nierweefsel werd nagenoeg geen JNK 
activatie gevonden. Dit suggereert dat JNK activatie een rol speelt bij nierschade bij de mens.  
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Om te onderzoeken of JNK ook daadwerkelijk een functionele rol speelt in nierziekten, 
hebben we JNK verder bestudeerd in dier-experimentele modellen voor nierschade. In het 
unilaterale renale ischemie/reperfusiemodel wordt onder narcose de linker nierslagader van 
een gezonde rat gedurende 45 minuten afgeklemd (ischemie), waarna de klem weer wordt 
verwijderd (reperfusie). Deze onderbreking van de bloedstroom door de nier leidt tot zuurstof 
gebrek in het nierweefsel, met als gevolg nier-beschadiging. Reeds 30 minuten na de 
reperfusie vonden we toegenomen JNK activatie in tubuluscellen in de beschadigde nier. Ook 
de activiteit van c-Jun, een belangrijke transcriptiefactor die door JNK kan worden 
geactiveerd, was sterk toegenomen. Via transcriptiefactoren zoals c-Jun kunnen allerlei 
genen (kleine stukjes DNA) worden geactiveerd, wat resulteert in toegenomen vorming van 
specifieke eiwitten. Eiwitten op hun beurt zijn cruciale bouwstenen, maar spelen ook een 
doorslaggevende rol in communicatie tussen cellen. De activatie van JNK en c-Jun activatie 
was sterker naarmate er meer ontstekingscellen werden gevonden in de nier. Dit wijst erop 
dat de JNK pathway betrokken kan zijn bij ontsteking. Specifieke remming van JNK in het 
ischemie/reperfusiemodel remde renale c-Jun activatie, expressie van MCP-1 (monocyte 
chemoattractant protein-1, een ontstekingseiwit) en de hoeveelheid ontstekingscellen, zowel 
4 als 15 dagen na inductie van ischemie/reperfusie. Dit vormt een belangrijk argument voor 
een rol voor JNK in ontsteking in de nier. In gekweekte tubulusepitheelcellen bleek JNK 
remming ook de expressie van MCP-1 sterk te remmen. MCP-1 is een van de voornaamste 
stoffen die betrokken is bij het aantrekken van macrofagen (bepaalde ontstekingscellen) naar 
beschadigde gebieden in de nier. Samengevat: wanneer er schade optreedt in de nier 
(bijvoorbeeld zuurstofgebrek) wordt JNK geactiveerd, met name in tubuluscellen. JNK 
activatie lijkt te leiden tot MCP-1 expressie in tubuluscellen, waardoor macrofagen worden 
aangetrokken die een ontstekingsreactie veroorzaken. Deze ontstekingsreactie is cruciaal in 
de latere ontwikkeling van verlittekening (fibrose) in de nier, welke uiteindelijk tot 
achteruitgang van de nierfunctie kan leiden. 
 
De rol van de transcriptiefactor c-Jun, met name in humane nierschade, is verder uitgewerkt 
in hoofdstuk 7. In nierbiopten van een groot aantal patiënten met verschillende nierziekten 
bleek c-Jun sterk geactiveerd te zijn, in tegenstelling tot in gezond nierweefsel. Om te 
onderzoeken via welk(e) mechanisme(n) c-Jun activatie zou kunnen leiden tot nierschade 
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werd c-Jun activatie geremd met de JNK remmer SP600125 in gekweekte humane tubulus 
epitheelcellen. Remming van c-Jun activatie met SP600125 leidde tot reductie van de 

expressie van MCP-1 en procollageen-1α1. Dit suggereert dat c-Jun betrokken zou kunnen 
zijn bij (respectievelijk) ontsteking en fibrose. Opmerkelijk was dat ook in patiënten met 
minimal change disease, een ziektebeeld zonder duidelijke afwijkingen in het nierbiopt maar 
wel met forse proteïnurie (eiwitlek) c-Jun was geactiveerd. Dit zou kunnen betekenen dat 
proteïnurie op zich (zonder nierschade) al c-Jun kan activeren, maar ook dat c-Jun activatie 
op zich nog niet direct tot nierschade hoeft te leiden. Wat de klinische betekenis van c-Jun 
activatie op de langere termijn is, dient verder te worden onderzocht.  
 
Concluderend kan worden gesteld dat, hoewel het toedienen van MAP kinase remmers aan 
patiënten momenteel nog niet aan de orde is, de studies in dit proefschrift aantonen dat 
remming van proteïne kinases (en specifiek MAP kinases) in diermodellen nierschade zou 
kunnen remmen. Verdere studies naar de functie van MAP kinases in de gezonde en zieke 
nier zijn nodig; dit zou in de toekomst kunnen leiden tot nieuwe mogelijkheden voor 
interventie, gericht tegen progressie van nierschade. 
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eens iets met spoed klaargemaakt en verstuurd moest worden of als ik extra handen nodig 
had voor het kleuren van 100 coupes of meer. Bedankt voor je harde werk in hoog tempo! 
Ingrid van Veen, dankzij jou heb ik de fijne kneepjes van het Western Blotten in de vingers 
gekregen. Het viel niet altijd mee, maar veel dank voor de goede samenwerking! Lotte Vis, jij 
hebt in het begin van mijn promotietijd veel geholpen op het lab en met dierexperimenteel 
werk, bedankt. Hans Vos en Lydia Visser, bedankt voor jullie hulp met de celkweek, ook dat 
heeft een belangrijke bijdrage geleverd aan een aantal artikelen. Ik heb mede dankzij jullie 
werken op het O&O lab altijd erg leuk gevonden. Ook de collega AIO´s en analisten op het 
O&O en DNA lab, hartelijk dank dat jullie altijd een handje wilden helpen als dat nodig was! 
Voor het werk op het CDL ben ik met name veel dank verschuldigd aan Pieter Klok, die een 
belangrijk deel van het biotechnische werk op zich heeft genomen. Pieter, jij kunt deuren 
openen die voor velen gesloten blijven; daarnaast was het altijd gezellig om met je samen te 
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resultaten opgeleverd. Mijn laatste maanden als MD/PhD-er waren met recht hectisch te 
noemen. Dankzij jouw inspanningen heb ik alles op tijd af kunnen krijgen. Je co-
auteurschappen op diverse papers zijn verdiend! Sezgi Sönmez, bedankt voor de enorme 
hoeveelheid kleuringen die je hebt gedaan tijdens je MLO stage!  
 
Dan de AIO's en MD/PhD-ers die kamer Y3.240 (over-)bevolk(t)en: Ester, Annemieke, 
Ronald, Jola, Andrea, Inge, Mirjan, Wynand, Jelena en Eelke. Bedankt voor jullie hulp, voor 
de leuke discussies, maar vooral voor de lol die we samen hebben gehad! Verder wil ik de 
(oud-)collega's van het Kidney Center bedanken: Peter, Goos, Jorden, Menno, Arnold, Henk, 
Jacobien, Eric, Liffert (ook mijn dank voor je overdracht van het EuReGene project én de 
Italiaanse normen en waarden!!!!), Aiko, Mieneke, Titia, Femke, Wendela, Folkert, Leendert, 
Jan, Rutger, Jacolien, Auke, Nynke, Martine, Els, Willemijn, Maria, Bart. Ook de dames van 
de secretariaten Pathologie (in het bijzonder José Kop en Marijke Grimberg) en Nefrologie 
(Winie de Jong), veel dank voor de hulp met (onder andere) het nodige faxen en fedexen.  
 
Inge en Tjeerd, bedankt dat jullie mijn paranimfen wilden zijn! Het is niet eenvoudig om het 
drukken van een proefschrift en organiseren van een promotiefeest vanuit het buitenland te 
regelen, maar dankzij jullie hulp is het gelukt! 
 
Ook dank ik de (oud-)leden van de programmagroep Junior Scientific Masterclass, en in het 
bijzonder professor The, professor Kluin-Nelemans, dhr. Huizenga, Michiel Hooiveld en Irene 
Engelhardt voor het opzetten van het MD/PhD traject en de geboden ondersteuning.  
 
En gelukkig is er ook leven buiten het ziekenhuis! Ik wil een aantal leden van de Navigators 
Studentenvereniging Groningen bedanken. Allereerst de heren van bestuur Fortitudo Virilis 
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(hetgeen overigens 'mannelijke kracht' betekent): dhr. Maris, dhr. De Jong, en dhr. Raap. 
Zoals de vereniging ons dankbaar is, zo wil ik ook jullie bedanken voor het prachtige 
bestuursjaar, maar ook voor de vriendschap in de jaren erna. Leo en Bart, we hadden één 
van de beste huishoudens van Nederland. Ik zie nog steeds uit naar ons allerlaatste Risk-
potje! Anne en Tjeerd, mooi dat jullie ons al zo snel zijn komen opzoeken in Bergamo! 
Jasper, Raymond, Harry: heren, dat we nog maar vele mooie weekendjes mogen 
doorbrengen! Hans en Aukje Verwijs, jullie zijn van grote betekenis voor ons geweest rondom 
ons vertrek naar Italië, maar ook al vele jaren daarvoor. Douwe Kalfsbeek, bedankt dat je je 
wijsheid en kennis met me wilde delen. Ik heb altijd genoten van onze gesprekken! Hilde, 
Susan, grote Martin, David, al sinds tutorgroepje 12 kennen we elkaar, ook al worden de 
afstanden misschien groter, hopelijk zullen er in de toekomst nog vele feestjes volgen! 
 
I would like to thank Prof. Giuseppe Remuzzi and Dr. Ariela Benigni for providing me the 
opportunity to spend an inspiring post-doctoral year at the Mario Negri Institute in Bergamo, 
Italy. Furthermore I would like to thank all my Italian colleagues at the Villa Camozzi for a very 
warm welcome, and for their tremendous attempts to transform me into a true Italian (in 
bocca al lupo)! I really appreciate it, and I am looking forward to the coming year!  
 
Papa en mama, bedankt dat jullie me altijd en op zo veel verschillende manieren gesteund 
hebben en dat nog steeds doen! Zonder jullie zou ik nooit zo ver zijn gekomen! Joanneke, 
super om een jaar in dezelfde stad te hebben gewoond! Aline, Lauran en Hein, bedankt dat 
jullie zo hard hebben gewerkt aan de omslag van mijn proefschrift. Het is prachtig geworden! 
Siep en Dineke, Wabe en Ellen, Titianne en SP, ik voel me thuis bij jullie! En ik waardeer jullie 
interesse voor mijn onderzoek! 
 
Lieve Ama, het is fantastisch om iemand te hebben waar je voor de volle 100% van op aan 
kunt. Bedankt dat je er altijd voor me bent, voor je nuances als ik weer eens te veel wil(de), 
dat je met me mee bent gegaan naar Italië. Het leven met jou is geweldig! 
 
Heer, wat is het mooi om uw schepping van dichtbij te onderzoeken! Bedankt dat ik U beter 
mocht leren kennen in de afgelopen jaren. Ik zie uit naar wat komen gaat! 
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