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Abstract

We examined the time-course activation and the cell-type specific role of MAP kinases in puromycin aminonucleoside (PAN)-
induced renal disease. The maximal activation of c-Jun-NH,-terminal kinase (JNK), extracellular signal regulated kinase (ERK),
and p38 MAP kinase was detected on Days 52, 38, and 38 after PAN-treatment, respectively. p-JNK was localized in mesangial
and proximal tubular cells at the early renal injury. It was expressed, therefore, in the inflammatory cells of tubulointerstitial lesions.
While, p-ERK was markedly increased in the glomerular regions and macrophages p-p38 was observed in glomerular endothelial
cells, tubular cells, and some inflammatory cells. The results show that the activation of MAP kinases in the early renal injury by
PAN-treatment involves cellular changes such as cell proliferation or apoptosis in renal native cells. The activation of MAP kinases
in infiltrated inflammatory cells and fibrotic cells plays an important role in destructive events such as glomerulosclerosis and tub-

ulointerstitial fibrosis.
© 2004 Elsevier Inc. All rights reserved.
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Most progressive renal diseases are characterized by
various destructive events during the progression of re-
nal scarring such as glomerulosclerosis and tubulointer-
stitial fibrosis, which are independent of the initial injury
[1]. These pathological processes are largely cellular
changes related to the activation of renal parenchymal
and infiltrated inflammatory cells through the produc-
tion of important cellular mediators including cytokines,
growth factors, and chemokines. These mediators may
lead to proliferative, chemotactic, and particularly
destructive events [2,3]. In particular, various stimuli
cause activation of signal transduction networks which
regulate important cellular changes, including cell prolif-
eration, growth arrest, cell hypertrophy, cell differentia-
tion, and apoptosis. Also, these cellular responses have
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been demonstrated in a variety of human and experi-
mental renal disease models [4-6].

Mitogen-activated protein (MAP) kinase cascades
are among the most thoroughly studied signal transduc-
tion pathways. They have been shown to participate in a
diverse array of cellular events, transmitting signals
from extracellular stimuli such as growth factors, cyto-
kines, and environmental stress in order to activate tran-
scription factors which result in the regulation of gene
expression [7]. The three well-characterized kinases are
extracellular signal-regulated kinase (ERK), c-Jun
NH, terminal kinase (JNK), and p38. While ERK re-
sponds vigorously to growth factors and certain hor-
mones, JNK and p38 are activated by stress stimuli
instead [8]. The activation of these kinases requires
phosphorylation of both tyrosine and threonine residues
by upstream dual specific kinases. Active MAP kinases
are responsible for the phosphorylation of a variety of
effector proteins including several nuclear transcription
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factors, such as c-Jun, Elk-1, activated transcription fac-
tor (ATF)-2, and c-Fos [9,10].

Recently, the specific signaling pathways for effectors
responsible for the progression of renal diseases have
been studied extensively through in vivo and in vitro cul-
ture systems. Among them, the evidence for the involve-
ment of MAP kinases has been suggested to be activated
by numerous mitogens implicated in the pathogenesis of
various renal injuries, such as Angll [11], endothelin
[12], PDGF [13], cytokines [14], and cellular stress
[8,15]. Also, several reports regarding in vivo effect have
shown that members of the MAP kinase family are acti-
vated in the kidney by specific tissue injuries such as
ischemia and reperfusion [16,17], experimental prolifera-
tive glomerulonephritis [18], and a diabetic model in rats
[6]. Although there are a few in vivo experimental data,
many results have mainly focused on the glomerular re-
gion through glomeruli isolation or mesangial and tubu-
lar cell primary culture. Their regulations and roles in
progressive renal disease in vivo, however, remain to
be established.

In the present study, special attention has been focused
on the role of MAP kinases in both renal native cells and
infiltrated inflammatory cells, such as macrophages, lym-
phocytes, and fibroblast showing a key role in the progres-
sion of renal disease. Therefore, we conducted cellular
localization using three phosphorylated MAP kinase
antibodies to elucidate cell-type specific expression pat-
terns of MAP kinases on whole kidney sections during
the development of PAN-induced progressive renal injury
inrats. This study isan in vivo demonstration of renal cell-
type specific and time-course activation of MAP kinase
cascades during the development of PAN-induced pro-
gressive renal injury in uninephrectomized rats.

Materials and methods

Experiment design. One hundred female Sprague-Dawley rats
weighing 200 g were maintained in a 12 h light-dark cycle with an
autocleaved basal diet and water ad libitum. All rats, except for the
control rats, had a right unilateral nephrectomy at Day 10 before
starting the experiment. This experimental model has been previously
reported by Saito et al. [19]. In brief, 42 experimental rats were
repeatedly given 1 mg per 100 g body wt over four consecutive days of
s.c. PAN at Days 0 and 10, followed by the reduced dosage of 0.5 mg
per 100 g of body wt. of s.c. at Days 24 and 38. Control rats received
s.c. saline at the same time intervals. All groups of rats were sacrificed
on Days 10, 24, 38, 52, 66, and 80.

Histopathology and immunohistochemistry. Rats were anesthetized
with an overdose of sodium pentobarbital (100 mg/kg i.p.) and then
perfused transcardially with 0.9% saline solution, followed by 4%
paraformaldehyde in a 0.1 M phosphate-buffered saline (PBS, pH 7.4).
Staining procedures were performed by standard techniques in our
laboratory. For immunohistochemistry, the kidneys perfused with
0.9% saline solution and 4% paraformaldehyde in a 0.1 M phosphate-
buffered saline (PBS, pH 7.4) were embedded in paraffin. Kidneys were
cut with a microtome into coronal sections 3-4 pum thick in a paraffin
section. Sections were deparaffinized by immersion in xylene, rehy-
drated through graded ethanol solutions, and washed in DW.

Endogenous peroxidase activity was inhibited using 0.3% hydrogen
peroxide in methyl alcohol for 50 min. Sections were then blocked with
normal goat serum (Life Technologies, Gaithersburg, MD, USA) for
60 min and incubated overnight at 4 °C with anti-phospho-JNK
(1:200, Santa Cruz Biotechnology, CA, USA), anti-phospho-ERK
(1:200, Santa Cruz Biotechnology, CA, USA) or anti-phospho-p38
(1:200, Santa Cruz Biotechnology, CA, USA) antibodies diluted in a
PBS (pH 7.4). After washing with a PBS (pH 7.4), slides were incu-
bated with a biotin-conjugated secondary antibody (Vector Labora-
toris, Burlingame, CA) and diluted in a PBS (pH 7.4) for | h at room
temperature. Sections were rinsed with a PBS (pH 7.4) for 10 min three
times and then incubated with an avidin-biotin reagent (Vector Lab-
oratoris, Burlingame, CA) for 1 h at room temperature. Sections were
washed with a PBS (pH 7.4) and color was developed using a com-
mercial 3,3’-diaminobenzidine (Zymed, San Francisco, CA, USA) as
the chromogen. Tissue sections were then rinsed in distilled water and
counterstained in Mayer’s hematoxylin. The control included sections
stained after the omission of the primary antibody. In addition, specific
antibodies for CD4" (W3/25) and CD8" T cells (OX-8), macrophages
(ED-1), and myofibroblasts (o-smooth muscle actin) were used to
characterize the cells related with the activation of JNK, ERK, and
p38 MAP kinase in serial sections.

Immunoprecipitation and immunoblot analysis. Whole cortical tis-
sues were homogenized by a polytron homogenizer on ice in a lysis
buffer containing 25 mM Hepes (pH 7.5), 300 mM NaCl, 1.5 mM
MgCly, 0.2 mM EDTA, 0.1% Triton X-100, 0.5 mM DTT, 20 mM -
glycerophosphate, 0.1 mM Na3;VOy, 2 pg/ml leupeptin, and 100 pg/ml
PMSF. Homogenates were centrifuged at 15,000 rpm for 20 min at
4 °C and the protein content of lysates was determined using the Bio-
Rad DC protein assay kit (Bio-Rad, Hercules, CA, USA). Proteins
(500 pg/sample) extracted from whole cortical kidney tissue were
incubated with 2 pg of antibodies for JNK1/2, ERK2, and p38 at 4 °C
for 2 h with rotation. Protein A/G-agarose beads (40 pl/sample) were
then added to each sample and incubated for an additional 2 h at 4 °C
with rotation. The immune complexes precipitated with protein A/G-
agarose were washed three times with a buffer containing initial tissue
homogenized buffer and then were mixed 5x sample buffer and heated
for 5 min at 95 °C. Denatured protein lysates were loaded per lane and
separated by SDS-PAGE using 4% and 10% acrylamide for stacking
and resolving gels, respectively. Protein was transferred to a nitrocel-
lulose membrane and probed with monoclonal antibodies against
phosphorylated or non-phosphorylated JNK, ERK and p38 (Santa
Cruz Biotechnology, CA, USA). The primary antibodies (diluted
1:1000) were detected using horseradish peroxidase (HRP)-conjugated
anti-mouse or rabbit IgG (Calbiochem, USA) and visualized by an
Amersham ECL system (Braunschweig, Germany) after extensive
washing of the membranes.

Quantification of morphological data. All quantification was per-
formed in a blind manner. The quantitation of immunohistochemical
staining for each MAP kinase on tissue was performed on 40 randomly
selected glomeruli and 100 tubular regions of the cortical area under
400x magnification in each sample of the seven animals.

Statistical analysis. Densitometry data from the immunoblot were
subjected to Student’s ¢ test to determine the difference of protein levels
between the samples. Results were considered to be significant if P was
<0.05 or 0.001. Data are presented as means with SE.

Results
JNK activation in PAN-induced renal injury
To determine whether MAP kinases are involved in

the progression of PAN-induced renal injury, we exam-
ined the phosphorylated form of each MAP kinase.
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Phosphorylated JNK increased at Days 10 and 38, was
maximal at Day 52, and sustained at Day 66; therefore,
they returned to near basal levels at Day 80 (Fig. 1A,
upper photograph). Fig. 1A showed that there weren’t
any changes found in the total level of JNK protein at
each time-course progression. In the immunohistochem-
istry for specific phosphorylated JNK, this kinase was
localized in mesangial and endothelial cells of glomeruli
as well as dilated tubular cells at Day 10 after PAN treat-
ment (Fig. 2B). Thereafter, phosphorylated JNK positive
cells were present in periglomerular and tubulointerstitial
lesions as well as in various arteries. In particular, specific
phosphorylated JNK was expressed in maximum levels in
various infiltrated cells and fibroblasts on Days 38 and 52
(Figs. 2C and D and 4A, right bar-graph). On Day 80,
although infiltrated lymphatic and fibrotic cells increased
in the interstitium, the expression for phosphorylated
JNK decreased in the renal scarring lesions showing en-
tirely tubulointerstitial fibrosis. It is interesting to note
that infiltrated inflammatory cells showing phosphory-
lated JNK positive staining during the progression of dis-
ease were further identified with most of the cytotoxic
CDS8™ T cells (Figs. 3A and B) and some macrophages.
Also, immunohistochemical positive cells for a-SMA
were mainly localized in phosphorylated JNK positive re-
gions such as periglomerulus with sclerotic changes and
peritubular lesions showing severe dilation and atrophy
(Figs. 3C and D). Also, these cell types increased gradu-
ally during the development of the disease. Fig. 4A shows
the time-course expression of phosphorylated INK in the
glomeruli and tubulointerstitial regions of PAN-induced
rats in the seven animals of each group.

ERK activation in PAN-induced renal injury
An increase of phosphorylated ERK kinase was found

between Days 10 and 24, was at a maximum level at Day
38, and sustained between Days 52 and 66. Thereafter,
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they returned to near basal levels at Day 80 (Fig. 1B,
upper photograph). Fig. 1B showed that no changes were
found in the total level of ERK protein at each time-
course progression. The immunohistochemical detection
of specific phosphorylated ERK revealed intense immu-
noreactivity in the mesangial region on Day 24 (Fig. 2F)
and infiltrated macrophages on Day 38 (Fig. 2G) were
identified with a positive cell for ED-1. Macrophages with
positive immunoreactivity for ED-1 were localized in the
glomerular and tubulointerstitial lesions during the
course of the disease (Fig. 3). Fig. 4B shows the time-
course comparison of phosphorylated ERK in the glome-
ruli and tubulointerstitial regions of PAN-induced rats in
the seven animals of each group.

P38 activation in PAN-induced renal injury

Immunoblot analysis for phosphorylated p38 kinase in
PAN-induced renal injury showed that this kinase started
to increase at Day 10, was maximal at Day 52, and sus-
tained during the whole experiment (Fig. 1C, upper pho-
tograph). Fig. 1C showed that no changes were found in
the total level of p38 protein at each time-course progres-
sion. In immunohistochemistry, phosphorylated p38
kinase was observed in the renal tubular cells and glomer-
ular endothelial cells showing moderate to intense immu-
noreactivity at 10 day (Fig. 2J) and 38 day (Fig. 2K). As
the disease progressed, this kinase was also localized in
various infiltrated inflammatory cells. Fig. 4C shows the
time-course comparison of phosphorylated p38 kinase
in the glomeruli and tubulointerstitial regions of PAN-in-
duced rats in the seven animals of each group.

Discussion

MAP kinases play a pivotal role in the regulation of
important cellular functions by the activation of specific
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Fig. 1. JNK, ERK, and p38 activation in the whole cortical tissue of rat kidneys in the PAN-induced progressive renal disease. Rats were sacrificed
at indicated time points after the PAN treatment, and whole cortical tissues were homogenized. Total INK, ERK, and p38 antibodies (1 mg or
400 pg in 0.5 ml lysis buffer) were immunoprecipitated from the protein extracts and their kinase activities were measured based on the
phosphorylated state of each JNK, ERK, and p38 (upper photograph), respectively. The bars of the total INK, ERK, and p38 show equal amounts
of each protein. The bar graphs show the representative density of phosphorylated JNK, ERK isoforms, and p38 at each time point, respectively.
Each value represents mean + SD, n=7. *P < 0.01 compared with the control group.
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Fig. 2. Immunohistochemical findings for phosphorylated JNK, ERK, and p38 of rat kidneys in PAN-induced progressive renal disease. (A)
Immunohistochemical findings for p-JNK of control rats (400x). (B) p-JNK positive cells localized in mesangial (arrowheads) and endothelial
(arrows) cells at Day 10 after PAN treatment (400x). (C,D) Increased p-JNK positive cells in periglomerular and peritubular regions at Days 38 and
52 after PAN treatment, respectively (200x). (E) Immunohistochemical findings for p-ERK of control rats (200x). (F) p-ERK positive cells localized
in the glomerular regions showing proliferation at Day 10 after PAN treatment (100x). (G) p-ERK positive cells localized in infiltrated inflammatory
cells at Day 38 after PAN treatment (200x). (H) p-ERK positive cells decreased in the glomerular and tubular regions at Day 66. (I)
Immunohistochemical findings for p-p38 of control rats (200x). (J) p-p38 positive cells localized in the glomerular and tubular cells showing
abnormal histological findings at Day 24 after PAN treatment (200x). (K) p-p38 positive cells localized in damaged glomerular endothelial and
tubular cells at Day 38 after PAN treatment (200x). (L) Some p-p38 positive cells localized in the glomerular region and tubular cells at Day 80 after
PAN treatment (200x).

Fig. 3. Colocalization of phosphorylated JNK and ERK using cell type specific markers in rat kidneys of a PAN-induced progressive renal disease.
To characterize cells expressing p-JNK and p-ERK, tissue sections were stained with specific antibodies for CD8" T cells (OX-8), myofibroblasts (a-
SMA), macrophages (ED-1). (A) p-JNK positive cells localized in inflammatory and fibrotic cells (arrows) at Day 52 in a serial section with (B)
(200x). (B) CD8" T cells localized in infiltrated inflammatory cells (arrows) at 52 day and when compared with (A) serial-sectioned, it shows the
colocalization of CD8"* T cells and p-JNK positive cells in infiltrated inflammatory cells at Day 52 (200x). (C) p-JNK positive cells localized in
fibrotic cells (arrows) at Day 52 in compared with (D) (200x). (D) a-SMA positive cells localized in tubulointerstitial regions (arrows) at Day 52
(200x). (E,F) Colocalization for p-ERK (E, arrows) and ED-1 positive cells (F, arrows) in serial sections of glomerular regions at Day 24 after the
PAN treatment, respectively (200x). (G,H) Colocalization for p-ERK (G) and ED-1 positive cells (H) in the serial sections of tubulointerstitial
regions at Day 38 after the PAN treatment, respectively (200x).

signal transduction pathways from the cell surface to the
nuclei. The JNK, ERK, and p38 enzymes are the termi-
nal enzymes of the three subfamilies in the MAP ki-
nases, each of which consists of a cascade of kinases,
where each kinase phosphorylates and thereby activates
the next family in the sequence [7,15]. It has been sug-
gested that these kinases are activated by numerous fac-
tors implicated in the pathogenesis of various renal
injuries, including Angll [11], endothelin [12], PDGF
[13], cytokines [14], and cellular stress [8]. The resolu-
tions of these implicated pathomechanisms have been

studied by direct injury effect through in vitro studies
using cultured mesangial cells, glomerular epithelial
cells, endothelial cells, and tubular cells. Their regula-
tions and roles in progressive renal diseases in vivo,
however, remain unknown.

Recently, in vivo studies also suggest that members of
the MAP kinase family are activated in the kidney by
specific tissue injuries such as ischemia and reperfusion
[16,17], experimental proliferative glomerulonephritis
[18], and a diabetic model [6] in rats. Although there
are little in vivo experimental data, most results are
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Fig. 4. Quantification of immunohistochemistry for p-JNK, p-ERK, and p-p38 in the glomeruli and tubulointerstitial regions of rat kidneys in PAN-
induced progressive renal disease. The number of p-JNK, p-ERK, and p-p38 positive cells was counted in the glomeruli and tubular regions of
normal groups and PAN-treated groups. The data are represented as means + SD number of positive cells per 40 randomly selected glomeruli and
the 100 tubular regions of the cortical area, under 400x magnification in the seven animals of each group. *P < 0.05; **P < 0.001 compared with

normal animals.

mainly focused on the glomerular region through glome-
ruli isolation or mesangial cell primary culture. In the
present study, we provide the first in vivo demonstration
of renal cell-type specific and the disease time-course
activation of MAP kinase cascade during the develop-
ment of PAN-induced progressive renal injury in uni-
nephrectomized rats. It is generally observed that the
early activation of MAP kinase cascades in many in vivo
models was reported to be regulated by the initial cellu-
lar responses through cell proliferation or differentiation
by cytokines and growth factors in the cellular processes
such as hypertrophy and hyperplasia in glomeruli of rat
models of glomerulonephritis and diabetic nephropathy
[6,20]. In this study, the initial increase of phosphory-
lated ERK levels was also observed between Days 10
and 24 in accordance with renal hypertrophy showing
the increase of kidney sizes in this model. These sizes
reached a maximum level at Day 38 and were sustained
between Days 52 and 66. Thereafter, they returned to

near basal levels at Day 80 in the time-course expression
pattern of this kinase during the progression of the
PAN-induced renal injury. The markedly increased
and sustained phosphorylation of ERK in accordance
with the pathological findings suggests chronic activa-
tion of the ERK through various cellular changes. A
similar ERK activity was demonstrated in the glomeruli
of anti-GBM or anti-Thy-1 glomerular nephritis model
in rats [18]. In this study, the distribution of activated
ERK was verified by immunohistochemistry using phos-
phorylated ERK antibody. In immunohistochemistry,
we demonstrated that the mesangial cells and proximal
tubular cells as well as infiltrated macrophages within
the glomeruli are major cell components of ERK activa-
tion through the cellular localization of phosphorylated
ERK. Recently, Bokemeyer et al. [18] reported that
ERK kinase is activated significantly in the cortical
tissue of kidneys showing proliferative glomerulonephri-
tis in response to immune injury. In addition, ERK
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activities have been proposed that resident glomerular
cells rather than the infiltrating cells are the site with al-
tered intracellular MAP kinase signaling because of the
kinetics of the infiltrated inflammatory cells such as ini-
tial increase and later decrease in the number of these
infiltrating cells. Our results suggest that it is important
not only in the cellular changes of glomerular cells but
also in the activation of infiltrated macrophages.
Unlike ERK, JNK is generally suggested to inhibit
cellular proliferation and to induce apoptosis [21,22].
In addition, this kinase has been shown to play a critical
role in the events leading to activation in inflammatory
cells [23]. In the present study, we examined the phos-
phorylated JNK to determine whether it is involved in
the activation of cellular signaling during the progres-
sion of a PAN-induced renal injury. The activation of
phosphorylated JNK increased at Days 10 and 38 was
maximal at Day 52 and sustained at Day 66; thereafter,
they returned to near basal levels at Day 80. In the
immunohistochemistry for specific phosphorylated
JNK antibody, this kinase was mainly localized in the
mesangial and endothelial cells, as well as in damaged
tubular cells at Day 10 after the initial PAN treatment.
At this point in time, the localization of these cells is re-
garded as the cellular response which is regulated
through direct effect and toxic proteinuria by PAN
treatment. In addition, this kinase was localized in small
numbers of infiltrated lymphatic cells and fibroblasts at
the same time. The number of infiltrated lymphatic cells
and fibroblasts gradually increased. The number corre-
lates closely with the severity of the glomerular and
tubulointerstitial lesions as well as the loss of renal func-
tion during the progression of the diseases. These cells
were mainly present in the peri-glomerular and tubulo-
interstitial lesions as well as various peri-arteries. The
localization of these cell types increased gradually until
Day 66. In particular, on Day 52, specific phosphory-
lated JINK was expressed in maximum levels in a variety
of infiltrated lymphatic and fibrotic cells. On Day 80,
although the number of infiltrated lymphatic and fibro-
tic cells increased in the glomerular and tubulointersti-
tial lesions, the expression for phosphorylated JNK
decreased in the end stage of the renal scarring process,
showing chronic pathological findings such as glomeru-
losclerosis and tubulointerstitial fibrosis. These findings
are explained as being due to the loss of JINK activity in
these cell-types. The inflammatory cells that infiltrated
the most were identified as cytotoxic T cells by immuno-
histochemistry using specific inflammatory cell markers
for macrophage, CD4" T cell and CD8" T cell. Studies
in several models of inflammatory renal disease have
demonstrated that T cells were an important component
of the renal lesion [24-28]. Specifically, CD8" T cells
have been proven to play an important effector role in
the various types of immune-mediated renal disease
[24]. T cell activation involves several steps including

the induction of immediate early genes, followed by
the induction of interleukin-2 (IL-2), whose secretion
leads to autocrine and paracrine T cell proliferation [28].

Another positive cell type for phosphorylated JNK is
the fibrotic cells of various tubular interstitial and glo-
merular regions, which show the progression of renal
scarring such as tubulointerstitial fibrosis or glomerulo-
sclerosis. The characteristics of fibrotic cells in the renal
scarring process have been extensively investigated, and
most of them have been considered as being trans-
formed into myofibroblasts during the progression of a
disease. Myofibroblasts are particularly important, since
they are the major producers of extracellular matrix
(ECM) proteins [29]. Several cell types present in the
kidney are potential candidates as precursors of myofi-
broblasts, which appear to originate from fibroblasts
under the influence of various factors. Among these fac-
tors, TGF-B1 is well known to induce the phenotypic
modulation of fibroblasts to activated myofibroblasts,
and the increased expression of TGF-B1 is associated
with active fibrosis, which has been shown to occur in
renal scarring [30]. Hashimoto et al. reported that
TGF-B1 induces the phenotypic modulation of human
lung fibroblasts to myofibroblasts through the JNK-de-
pendent pathway [31,32]. Hocevar et al. [33] demon-
strated that TGF-B-mediated fibronectin induction
requires the activation of JNK, which in turn, modulates
the activity of c-Jun and ATF-2 in a Smad4-independent
manner. In the present study, phosphorylated JNK was
localized in the fibrotic cells of the tubulointerstitial re-
gion, as well as glomerulus showing glomerulosclerosis
with the severity of its disease. It is considered that the
increase of ECM proteins through the activation of fi-
brotic cells through the JNK signal pathway plays an
important role in tubulointerstitial fibrosis.

Although the roles of the p38 signal pathway, unlike
JNK and ERK, are poorly understood in renal disease,
there are possibilities for its activation by various renal
injury factors and abnormal cellular microenvironment
in renal disease. Based on in vitro experiments, the
p38 pathway is considered as one of the stress response
pathways, and traditionally is thought to play a role in
inflammation, immune activation, growth arrest, and
apoptosis [34-36]. In the present study, we investigated
whether p38 kinase participates in the progression of
renal disease in rats after the PAN treatment. The
phosphorylated p38 kinase increased along with the
time-course dependency of the disease. By immunohis-
tochemistry, phosphorylated p38 was detected in tubu-
lar epithelial cells showing abnormal morphology on
Days 10 and 24. Although we have not identified the
possible factors for the activation of the p38 pathway
in PAN-induced renal injury, it may be speculated that
the direct toxic effect of PAN or hypoxic state in the
tubules induces phosphorylation of p38 kinase. In
particular, in accordance with the development of the
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disease, this kinase was also localized in multiple infil-
trated inflammatory cells such as T cells and macro-
phages. These results suggest that p38 kinase
activation may play an important role in mediating the
progression of renal disease through the interplay of
inflammatory and residual cells. Furthermore, this ki-
nase may involve the apoptosis of tubular cells and infil-
trated inflammatory cells through the activation of the
p38 signal pathway.

From these data, the activations of JNK, ERK, and
p38 MAP kinase were each found at distinct kidney sites
in PAN-induced progressive renal disease, in particular,
the early stages of renal disease involved compensatory
renal responses, which are associated with cellular
hypertrophy, hyperplasia, and apoptosis. As these cellu-
lar responses progress as a further chronic renal diseased
stage, glomerular and tubulointersitial changes may be
regulated through the interactions between residual re-
nal cells and the activated inflammatory cells via
ERK, JNK, and p38 signaling pathways. This indicates
that the chronic activation of these kinases may play an
important role in events related with the increase of
extracellular matrix proteins. In conclusion, it might
be more of an additional stress if the specific intracellu-
lar signaling modules are controlled rather than the
blocking of any extracellular targets in preventing vari-
ous renal diseases.
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