
 

 

 University of Groningen

Protein kinase signaling
de Borst, Martin Hendrik

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2007

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
de Borst, M. H. (2007). Protein kinase signaling: Intracellular messengers as potential targets for
intervention in renal disease. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/08eab3e5-d9ab-49ed-94aa-6490aaf8cf20


 
 
 

CHAPTER 6 
 
 
 
 

c-Jun N-terminal kinase is involved in renal 
interstitial macrophage accumulation through 

monocyte chemoattractant protein-1 
 
 
 
 
 

 
 
 
 
 
 

De Borst MH, Prakash J, Sandovici M, Klok PA, 
Hamming I, Kok RJ, Navis GJ, Van Goor H 

 
 

Submitted 
 
 

 



Chapter 6  
 

 120

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 

Wegener Wegener+block
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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. 

d

a b

c 
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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. 

b 

a 

pJNK 

pc-Jun 

30 min after I/R 4 d after I/R 21 d after I/R 
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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.  

pJNK/mø pJNK/mø 

pc-Jun/mø pc-Jun/mø 

b 

a 
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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 

b 
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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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