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Among the mitogen-activated protein kinase (MAPK) family
members, extracellular signal–regulated kinase (ERK) promotes
cell proliferation or differentiation, whereas c-jun N terminal
kinase (JNK) and p38 MAPK are thought to inhibit cell growth
and induce apoptosis. The MAPK family may plays some role
during kidney development, when large-scale proliferation and
apoptosis have been observed to occur. Also, in this period, the
renin-angiotensin system is markedly activated. We have dem-
onstrated that angiotensin-converting enzyme inhibition in the
developing rat kidney increases apoptosis and decreases cell
proliferation, which may account for renal growth impairment.
The aim of this study, therefore, was to examine the relationship
between the MAPK family and renin-angiotensin system during
neonatal renal development. Newborn rat pups were treated with
enalapril (30 mg · kg�1 · d�1) or normal saline for 7 d. Right
kidneys of both groups were selected for immunohistochemical
stains of MAPKs and activating transcription factor-2 (ATF-2),
and left kidneys were selected for reverse transcriptase–PCR and
immunoblot analysis of MAPKs, phospho-MAPKs, and ATF-2.
To determine whether apoptosis is involved in the same tubules
that highly expressed JNK and p38, we performed terminal
deoxynucleotide transferase-mediated nick-end labeling stain for
apoptotic cells and immunohistochemical stains for JNK-2, p38,
and ATF-2 expression in the serial sections from the same kidney
of the enalapril-treated group. In the enalapril-treated group,
JNK-2, p38, phospho-JNK-2, phospho-p38, and ATF-2 protein

expressions were significantly increased, and their immunoac-
tivities were strongly detected in the proximal tubular epithelial
cells in the cortex, compared with the control group. Especially
JNK-2 and p38 expressions were highly activated and were
spatially in accordance with the occurrence of apoptosis. ERK1/2
and phospho-ERK expressions were not changed by enalapril.
These results suggest that the expressions of the MAPK family
are modulated by angiotensin-converting enzyme inhibition in
the developing kidney. JNK and p38 may be implicated to
participate in angiotensin II–related intracellular signaling path-
ways of renal apoptosis in the developing kidney. (Pediatr Res
57: 115–123, 2005)

Abbreviations
ACE, angiotensin-converting enzyme
Ang II, angiotensin II
ATF-2, activating transcription factor-2
DBA, Dolichos biflorus agglutinin
ERK, extracellular signal–regulated kinase
GAPDH, glyceraldehyde-3-phosphate dehydrogenase
JNK, c-Jun NH2-terminal kinase
MAPK, mitogen-activated protein kinase
RAS, renin-angiotensin system
TUNEL, terminal deoxynucleotide transferase-mediated
nick-end labeling

The renin-angiotensin system (RAS), which plays an impor-
tant role in the complex affair of renal organogenesis, is
up-regulated during renal development and in the perinatal
period (1–4). Among them, angiotensin II (Ang II) has re-

ceived considerable attention because of its relevant hemody-
namic and growth-promoting effects in the cardiovascular sys-
tem and kidney.

Especially in the developing kidney, RAS is markedly acti-
vated and is thought to play an important role in postnatal renal
growth and maturation. In our previous studies, we demon-
strated that Ang II modulates growth in a variety of tissues,
including kidney and heart (5–7). Ang II inhibition by angio-
tensin-converting enzyme (ACE) inhibitor in the developing
rat kidney increases apoptosis and decreases its related genes
(Bcl-2 and clusterin) expression (7,8). Also, Ang II inhibition
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decreases cell proliferation and decreases its related growth
factors (transforming growth factor-� and epidermal growth
factor) expression, which may account for neonatal renal
growth impairment (5,9).

The signal transduction pathways that modulate Ang II–
related growth effects are not clearly defined yet. It has been
suggested that the mitogenic effects of Ang II could be medi-
ated by mitogen-activated protein kinases (MAPKs), which are
rapidly activated upon stimulation of a variety of cell surface
receptors (10,11). They function by transmitting signals from
the cell surface to the nucleus to regulate the expression of
transcription factors such as c-jun and c-Myc and modulate the
process of cell growth and differentiation (12,13).

The MAPK family is serine/threonine kinases and can be
divided into at least three broad families on the basis of
sequence similarity; upstream activators; and, to a lesser ex-
tent, substrate specificity, namely extracellular signal–
regulated kinase (ERK), c-Jun NH2-terminal kinase (JNK),
and p38 MAPK (p38). The classic ERKs (ERK1 and ERK2),
which were identified in the context of growth factor–related
signaling and activated by various growth factors, promote
cellular proliferation or differentiation, but JNK and p38 fam-
ilies, which were described in the setting of cell response to
stress and inflammation and activated by cytokines and cellular
stresses, are thought to inhibit cell growth and induce apoptosis
(14–17). The MAPK family participates in a variety of meta-
bolic pathways covering cellular growth, differentiation, sur-
vival, and cell death, so the MAPK family is suggested to play
a role during normal kidney development.

All three MAPKs are activated by phosphorylation on both
tyrosine and threonine residues and inactivated by the dephos-
phorylation of either residue. MAPKs are phosphorylated by
MAPK kinases, and their phosphorylation state is determined
by phosphatases as well as kinases. Therefore, the activities of
MAPK families are evaluated by assessing the phosphorylated
MAPKs.

MAPKs promote changes in the pattern of gene expression
as they activate transcription factors. After activation, JNK
phosphorylates the transcription factor c-jun and Elk-1 and
activating transcription factor-2 (ATF-2), c-jun, and Elk-1 in
their transactivating domains (18,19). p38 also phosphorylates
and activates ATF-2 (20). Therefore, ATF-2 has been postu-
lated as a effector of JNK as well as p38 (19–24).

The intracellular molecular mechanism in controlling renal
growth and development by RAS is poorly understood. To
determine the signaling molecular mechanism of Ang II–
related renal growth and development, we designed the present
study to investigate whether MAPKs, which are thought to be
involved in proliferation and apoptosis in renal growth and
development, serve as signaling intermediates in renal growth
impairment by ACE inhibition. For this purpose, we first
examined the changes of the expressions of MAPKs and
phosphorylated MAPKs in neonatal kidney development by
chronic administration of enalapril, an ACE inhibitor, to neo-
natal rat pups. To evaluate the functional role of JNK and p38
activation, we determined their ATF-2 expression. Finally, to
determine whether apoptosis is involved in the same tubules
that highly express JNK and p38, we performed terminal

deoxynucleotide transferase-mediated nick-end labeling
(TUNEL) stain for apoptotic cells and immunohistochemical
stains for JNK-2, p38, and ATF-2 expressions in the serial
sections from the same kidney of the enalapril-treated group.

METHODS

Animal preparation. Forty-nine neonatal rat pups from five pregnant
Sprague Dawley rats were breastfed by their own mother throughout the study.
Body weights were measured daily from birth, and a dose of 30 mg/kg of
enalapril (Sigma Chemical Co., St. Louis, MO; the enalapril-treated group, n
� 23) and normal saline (the control group, n � 26) were fed via an orogastric
tube. A dose of 30 mg/kg of enalapril is known to block the effects on Ang II
(25). After 7 d, their kidneys were harvested and RNA analysis, protein assays,
and immune histochemistry were performed. The experimental protocol was
approved by the Animal Care Committee of Korea University Guro Hospital.

Immunohistochemical stain. For assessing the expression of MAPK fam-
ily, five right kidneys of the control group and the enalapril-treated group,
respectively, were selected for representative immunohistochemical stains of
JNK, p38, ERK, and ATF-2. Harvested kidneys were treated in 10% formalin
solution (Sigma Chemical Co.) and embedded in paraffin. The samples were
then cut into 4-�m sections and dried onto silicanized slides (Sigma Chemical
Co.). Slides were deparaffinized and digested for 10 min with proteinase K (20
�g/mL), and an endogenous peroxidase activity was quenched in 2% hydrogen
peroxide for 5 min. Sections were incubated with primary antibodies against
JNK-2 (Santa Cruz Biotechnology, Santa Cruz, CA; dilution 1:50), ERK1/2
(Upstate Biotechnology, Lake Placid, NY; dilution 1:100), p38 (Santa Cruz
Biotechnology; dilution 1:50), and ATF-2 (Santa Cruz Biotechnology; dilution
1:100). As negative controls, the primary antibody was substituted with PBS.
The incubation time was 120 min at room temperature or overnight at 4°C.
After incubating with secondary antibody at a concentration of 1:200, immu-
noreaction products were developed using 3,3-diaminobenzidine as the chro-
mogen, with standardized development times. Samples were rinsed in PBS for
2 min. The sections were rinsed in water and counterstained in 0.5% methyl
green solution for 5 min, and the samples were dehydrated and mounted. After
dehydration, we compared them using a light microscope.

To identify the structural and functional cell type of the immunoactivated
tubules in the enalapril-treated group, we performed a immunoperoxidase
labeling procedure using collecting duct–specific biotinylated Dolichos biflo-
rus agglutinin (DBA; 5 �g/mL; Vector Laboratories, Burlingame, CA). We
used DBA lectin because binding sites are expressed throughout ontogeny in
the ureteric bud and its derivatives (collecting ducts) but not expressed in other
nonureteric bud–derived tubules (26–28).

Isolation of RNA and analysis of mRNA. Five left kidneys of the control
group and the enalapril-treated group, respectively, were selected for RNA
analysis and protein assays. After being removed, the renal tissue was frozen
in liquid nitrogen and stored at �70°C. Total cellular RNA was isolated using
TRI-REAGENT (Molecular Research Center, Cincinnati, OH) and homoge-
nized with tissue tearer (Model 985-370; Biospec products, Bartlesville, OK).
Chloroform (37%; 200 �L/1 mL TRI reagent) was added to the homogenates
and centrifuged at 12,000 rpm for 15 min in 4°C, separating into three layers:
RNA, DNA, and protein material. The colorless clear upper layer was moved
into another Eppendorf tube, and isopropanol was added. This was left at room
temperature for 15 min and was then centrifuged at 12,000 rpm for 10 min in
4°C until the white-colored cellular RNA pellet was isolated. It was dried at
room temperature for 5 min after washing in 75% ethanol and was dissolved
in 25 �L of Forma zol (Molecular Research Center) at 55°C heating block for
10 min and then stored at �70°C. The RNA was quantified spectrophotometri-
cally by absorbance at 260 nm.

cDNA synthesis by reverse transcription and PCR. Oligo dT primed
first-strand cDNA was synthesized from the template RNA 1 �g through a
cDNA Synthesis Kit (Boehringer Mannheim Corp., Indianapolis, IN). AMV
reverse transcriptase (RT) was used for synthesis of first-strand cDNA for use
in subsequent amplification reactions. The primers used in the PCR reaction
are presented in Table 1 (29–33). The PCR was carried out in a different mode
of time and temperature for each reaction period using Perkin Elmer Cetus
DNA Thermal Cycler (Model 2400; Foster City, CA).
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For glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a housekeep-
ing gene, PCR was performed at 30 cycles of heating for 45 s at 94°C after
denaturation for 5 min at 94°C, followed by annealing for 45 s at 60°C and last
a primer extension for 45 s at 70°C. For JNK-2, PCR was performed at 28
cycles of heating for 45 s at 94°C after denaturation for 5 min at 94°C,
followed by annealing for 40 s at 59°C and last a primer extension for 50 s at
72°C. For ERK1, this was performed at 26 cycles of heating for 50 s at 94°C
after denaturation for 5 min at 94°C, followed by annealing for 40 s at 55°C
and primer extension for 50 s at 72°C. For ERK2, this was performed at 30
cycles of heating for 50 s at 94°C after denaturation for 5 min at 94°C,
followed by annealing for 40 s at 57°C and primer extension for 50 s at 72°C.
For p38, this was performed at 30 cycles of heating for 40 s at 94°C after
denaturation for 5 min at 94°C, followed by annealing for 50 s at 57°C and
primer extension for 50 s at 72°C. These amplified PCR products were visible
as a fluorescent band under UV light after electrophoresis in 2% agarose gel at
regular intervals and ethidium bromide staining. Polaroid photographs were
scanned using Epson GT-9500 (Seiko Corp, Nagano, Japan) and quantified by
densitometer (Image PC alpha 9; National Institutes of Health, Bethesda, MD),
and the values were revised by GAPDH.

Protein extraction. Alcohol (100%) was added to interface, and organic
phase remained from separation of RNA. Then the DNA portion was precip-
itated after being centrifuged at 5000 rpm for 5 min. Isopropanol was added to
the remaining ethanol upper layer, which was centrifuged and dissolved in 0.3
M of guanidine hydrochloride in 95% ethanol. Afterward, this layer was
washed three times and turned into a protein pellet. The extracted protein was
dissolved in 1% SDS solution and preserved at �20°C. The Bradford method
was used in the quantification of protein.

Immunoblot analysis. The extracted proteins were solubilized in 5� SDS
loading buffer for 5 min at 95°C and separated by electrophoresis on 10%
SDS-polyacrylamide gels under reducing conditions. Equal amounts of 5–15
�g of proteins were loaded per lane. Subsequently the proteins were trans-
ferred to nitrocellulose membranes (Amersham Life Science, Buckingham-
shire, England). The nitrocellulose membranes were blocked in 5% skim milk
with TBS-T [0.05% Tween 20 in 50 mM of Tris, 150 mM of NaCl, and 0.05%
NaN3 (pH 7.4)] at room temperature for 1 h. The membranes were washed two
times in TBS-T and incubated for 18 h at 4°C with rabbit polyclonal antiserum
(JNK-2, p38, ERK1/2, and ATF-2) and mouse monoclonal antiserum (phos-
pho-JNK-2, phospho-p38, and phospho-ERK1/2) in TBS-T. Thereafter, the
membranes were washed two times with TBS-T and incubated for 40 min with
an anti-rabbit IgG (Amersham Life Science) and an anti-mouse IgG (Amer-

sham Life Science) at room temperature. Characteristics of antibodies directed
against MAPKs and their phosphorylated MAPKs and ATF-2 are listed in
Table 2. After washing by TBS-T four times, the secondary antibody bound to
the nitrocellulose was detected by incubation for 1 min with a detection reagent
(Amersham Life Science) and then exposed to medical x-ray film (Agfa,
Mortsel, Belgium) for 1 min. The film was developed by a FPM-3500 Fuji
x-ray Film Processor (Fuji, Otawara, Japan). After that, for stripping and
reprobing, the same membranes were submerged in stripping buffer (2% SDS
in 62.5 mM of Tris-HCL and 0.1 M of �-mercaptoethanol) and incubated at
50°C for 10 min with occasional shaking. To control equal loading, �-tubulin
(1:1000 dilution; Oncogene, Boston, MA) and anti-mouse IgG conjugated
horseradish peroxidase (1:1000 dilution; Amersham Life Science) were used
as primary and secondary antibodies in the same method as described above.
The developed x-rays were scanned using Epson GT-9500 (Seiko Corp,
Nagano, Japan) and quantified by a densitometer (Image PC alpha 9).

Detection of apoptosis. To determine whether apoptosis is involved in the
same tubules that highly expressed JNK and p38, we performed TUNEL stains
for apoptotic cells in the kidney of the enalapril-treated group. Apoptotic nuclei
were labeled using the TACS TM 2 TdT In Situ Apoptosis Detection Kit
(Trevigen, Gaithersburg, MD). Tissues were fixed in 4% neutral-buffered
formalin for 4 h at 4°C, dehydrated in graded alcohols, and embedded in
paraffin. The samples were then cut into 5-�m sections and dried onto
silicanized slides (Sigma Chemical Co.). Slides were deparaffinized and di-
gested for 10 min with proteinase K (20 �g/mL), and an endogenous perox-
idase activity was quenched in 2% hydrogen peroxide for 5 min. Samples were
equilibrated using a provided buffer for 2 min and labeled with biotin dNTP
mixtures, TdT, CoCl2, and a labeling buffer according to the manufacturer’s
advice. Samples were placed inside a humidity chamber in a 37°C incubator
for 60 min. Negative controls were treated with water instead of TdT. The
labeling reaction was stopped using the provided stop buffer for 5 min.
Samples were rinsed in PBS for 2 min and treated with the provided strepta-
vidin-horseradish peroxidase detection solution for 10 min and finally washed
two times in PBS for 2 min each wash. The color was developed using 0.05%
3,3-diaminobenzidine and 0.05% hydrogen peroxidase in PBS for 5 min. The
sections were rinsed in water and counterstained in methyl green for 5 min, and
the samples were dehydrated and mounted. After dehydration, we compared
them using a light microscope. In addition to this, the immunohistochemical
stains for JNK-2, p38, and ATF-2 expressions in the serial sections from the

Table 1. Primer sequences and expected product sizes for RT-PCR analysis

Genes Primers Sequence PCR product Reference

GAPDH Forward 5�-AATGCATCCTGCACCACCAA-3� 515 bp 29
Reverse 5�-GTAGCCATATTCATTGTCATA-3�

JNK-2 Forward 5�-AAGAGAATGTGGACATCTGG-3� 165 bp 30
Reverse 5�-TCCTTACAGTTGGCTGAAGT-3�

ERK1 Forward 5�-ATCTCTGCTGCTGTGTCTTT-3� 180 bp 31
Reverse 5�-ATGTTCTGTCAGGGAAAATG-3�

ERK2 Forward 5�-GATTGAAGTTGAACAGGCCT-3� 299 bp 32
Reverse 5�-CTCAAAGGAGTCAAGAGTGG-3�

p38 Forward 5�-ATGTCTCAGGAGAGGCCCACGTTCT-3� 1080 bp 33
Reverse 5�-TCAGGAGTCCATTTCTTCTTGGTC-3�

Table 2. Characteristics and sources of MAPK family antibodies

MAPK Type Host Dilution Source

JNK-2 Polyclonal Rabbit 1:1000 Santa Cruz
p38 Polyclonal Rabbit 1:1000 Santa Cruz
ERK-1/2 Polyclonal Rabbit 1:1000 Upstate
phospo-JNK-2 Monoclonal Mouse 1:400 Santa Cruz
phospo-p38 Monoclonal Mouse 1:500 Santa Cruz
phospo-ERK-1/2 Monoclonal Mouse 1:500 Santa Cruz
ATF-2 Polyclonal Rabbit 1:100 Santa Cruz
Tublin Monoclonal Mouse 1:1000 Oncogen
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same kidney of the enalapril-treated group were performed and compared with
the apoptotic changes spatially.

Statistical analysis. Results are expressed as mean� SEM. Differences
between groups were tested for significance by t test and Mann-Whitney rank
sum test, and a value of p � 0.05 was considered statistically significant.

RESULTS

The mortality rate of the enalapril-treated group was in-
creased significantly (30.4%, 7 of 23), compared with the
control group (7.7%, 2 of 26; p � 0.05). On day 7, the body
weight was 14.6 � 0.5 g in the enalapril-treated group and 17.1
� 0.5 g in the control group, and the kidney weight was 0.113
� 0.004 g in the enalapril-treated group and 0.0871 � 0.005 g
in the control group. The body and kidney weights of the
enalapril-treated group were significantly lower than those of
the control group (p � 0.05).
Expression of JNK. In immunohistochemical stain, JNK-2

was weakly expressed only at some glomeruli in the control
group (Fig. 1B). In the enalapril-treated group, its expres-
sion was also similarly detected in some glomeruli. How-
ever, contrary to the control group, JNK-2 was highly
expressed in the proximal tubular epithelial cells in the
enalapril-treated group (Fig. 1C, renal cortex, and Fig. 2B,
renal corticomedullary junction). As a result of semiquan-
titative RT-PCR, JNK-2/GAPDH mRNA expression was
0.49 � 0.04 in the control group and 0.48 � 0.04 in the
enalapril group (Fig. 3A). As a result of the immunoblot
analysis, JNK-2/tubulin protein expression was increased
significantly in the enalapril-treated group (0.99 � 0.04)
compared with the control group (0.75 � 0.04; p � 0.05;
Fig. 3B). Also, phospho-JNK-2/tubulin protein expression
was increased significantly in the enalapril-treated group
(0.74 � 0.07) compared with the control group (0.63 �
0.08; p � 0.05; Fig. 3C).
Expression of p38. Immunohistochemically, p38 expression

was not detectable in the kidney of the control group (Fig. 4B).
However, contrary to the control group, p38 was highly ex-
pressed in the proximal tubular epithelial cells in the enalapril-
treated group (Fig. 4C, renal cortex, and Fig. 2C, renal corti-
comedullary junction). As a result of semiquantitative RT-
PCR, p38/GAPDH mRNA expression was 0.82 � 0.03 in the
control group and 0.63 � 0.09 in the enalapril group (Fig. 5A).
As a result of the immunoblot analysis, p38/tubulin protein
expression was increased significantly in the enalapril-treated
group (1.63 � 0.15) compared with the control group (1.22 �
0.21; p � 0.05; Fig. 5B). Also, phospho-p38/tubulin protein
expression was increased significantly in the enalapril-treated
group (0.82 � 0.09) compared with the control group (0.58 �
0.09; p � 0.05; Fig. 5C).
Expression of ERK. In immunohistochemical stain, ERK

was weakly expressed at some glomeruli and mainly expressed
in distal tubular epithelial cells in the control group (Fig. 6A).
In the enalapril-treated group, ERK expression was not
changed and so was detected only in distal tubular epithelial
cells (Fig. 6B). As a result of semiquantitative RT-PCR, ERK-
1/GAPDH mRNA expression was 0.58 � 0.01 in the control
group and 0.56 � 0.02 in the enalapril-treated group, and
ERK-2/GAPDH mRNA expression was 0.76 � 0.02 in the
control group and 0.60 � 0.07 in the enalapril-treated group
(Fig. 7A). As a result of the immunoblot analysis, ERK-1/
tubulin protein was 1.45 � 0.06 in the control group and 1.62
� 0.11 in the enalapril-treated group, and ERK-2/tubulin
protein expression was 1.43 � 0.06 in the control group and

Figure 1. Immunohistochemical stains for JNK-2 (brown color, black ar-
rows) in renal cortex of developing rat. (A) Negative control. (B) In the control
group, JNK-2 was only weakly expressed in some glomeruli. In glomeruli,
JNK-2 was expressed in some podocytes and mesangial cells. (C) In the
enalapril-treated group, JNK-2 expression was similarly detected in some
glomeruli and also mainly distributed in the proximal tubular epithelial cells
compared with the control group. Especially, JNK-2 expression was highly
detected at the luminal portion of the proximal tubular cells only in cytoplasm,
not in nucleus. (D) In serial section from the same kidney of the enalapril-
treated group, the collecting ducts (*) were detected by dark-brown staining
with DBA lectin. G, glomerulus. Bar � 0.1 �m. Magnification: �400.

Figure 2. TUNEL stains for apoptotic cells and immunohistochemical stains
for JNK-2, p38, and ATF-2 in the serial sections from the same kidney of the
enalapril-treated group at the renal corticomedullary junction. (A) TUNEL-
positive apoptotic cells were occasionally observed in the nondilated and
dilated proximal tubular epithelial cells. (B) JNK expression was highly
detected in the proximal tubular epithelial cells. (C) p38 expression was highly
detected in the proximal tubular epithelial cells. (D) ATF-2 expression was
highly detected in the proximal tubular epithelial cells. However, contrary to
TUNEL-positive apoptotic cells, JNK, p38, and ATF-2 expressions were more
abundant and distributed throughout the proximal tubular epithelial cells in the
enalapril-treated group. G, glomerulus. Bar � 0.1 �m. Magnification: �400.
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1.58 � 0.09 in the enalapril-treated group (Fig. 7B). Phospho-
ERK-1/tubulin protein was 0.58 � 0.06 in the control group
and 0.55 � 0.11 in the enalapril-treated group, and phospho-
ERK-2/tubulin protein expression was 0.74 � 0.13 in the
control group and 0.67 � 0.10 in the enalapril-treated group
(Fig. 7C).
Expression of ATF-2. In immunohistochemical stain,

ATF-2 was expressed only in the renal vessels of the control
group (Fig. 8A). In the enalapril-treated group, its expression
was also similarly detected in the renal vessels. However,

contrary to the control group, ATF-2 was highly expressed in
the proximal tubular epithelial cells in the enalapril-treated
group (Fig. 8B, renal cortex, and Fig. 2D, renal corticomedul-
lary junction). As a result of the immunoblot analysis, ATF-
2/tubulin protein expression was increased significantly in the
enalapril-treated group (0.67 � 0.07) compared with the con-
trol group (0.56 � 0.08; p � 0.05; Fig. 9).
Spatial relationship of TUNEL-positive apoptotic cells and

expression of JNK-2, p38, and ATF-2. In the enalapril-treated
group, TUNEL-positive apoptotic cells were occasionally ob-
served in the nondilated and dilated proximal tubular epithelial
cells in renal cortex (Fig. 2A). JNK, p38, and ATF-2 expres-
sions were highly detected in the proximal tubular epithelial
cells also. However, contrary to TUNEL-positive apoptotic
cells, JNK, p38, and ATF-2 expressions were more abundant
and distributed throughout all proximal tubular epithelial cells
in the renal cortex and were not restricted to TUNEL-positive
apoptotic cells (Fig. 2B–D).

DISCUSSION

The octapeptide Ang II, the central product of the RAS, is
well known to cause potent increases in systemic and local
blood pressure via its vasoconstrictive effect, to influence renal
tubules to retain sodium and water, and to stimulate aldoste-
rone release from the adrenal gland. Ang II also acts as a renal
growth factor that modulates cell growth and extracellular
matrix synthesis and degradation (34–37) and is thought to be
important in renal development, growth, and maturation. De-
termining the mechanism by which Ang II modulates cell
growth in developing kidney is fundamental to our understand-
ing of physiologic renal growth and development. One of the
major signal transduction pathways that link activation of the
Ang II receptor to the nuclear events necessary for cell growth
is the MAPK cascade (38).

The present study using in vivo animal study demonstrates
that MAPK families may play a role in renal growth impair-
ment by ACE inhibition. Especially, JNK-2 protein expression

Figure 3. Representative expressions of JNK-2 mRNA and protein and phospho-JNK-2 protein in the developing rat kidney. �, control group; u,
enalapril-treated group. (A) In semiquantitative RT-PCR, JNK-2/GAPDH mRNA expression was not different between the two groups. (B) In immunoblot
analysis, JNK-2/tubulin protein expression was increased significantly in the enalapril-treated group compared with the control group. (C) In immunoblot
analysis, phospho-JNK-2/tubulin protein expression was increased significantly in the enalapril-treated group compared with the control group.

Figure 4. Immunohistochemical stains for p38 (brown color, black arrows) in
renal cortex of the developing rat. (A) Positive control of rat kidney 1 d after
birth. p38 expression was distributed in some glomeruli and tubules in varying
expression. (B) In the control group, 8 d after birth, p38 was not expressed in
the kidney. (C) In the enalapril-treated group, 8 d after birth, p38 was highly
expressed in the proximal tubular epithelial cells compared with the control
group. Especially, p38 expression was highly detected at the luminal portion of
the proximal tubular cells only in cytoplasm, not in nucleus. (D) In a serial
section from the same kidney of the enalapril-treated group, the collecting
ducts (*) were detected by dark-brown staining with DBA lectin. G, glomer-
ulus. Bar � 0.1 �m. Magnification: �400.
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was increased significantly in the enalapril-treated group. The
JNK family, which is also known as stress-activated protein
kinase, is generally responsive to cell stressors such as hyper-
tonicity, UV light, heat shock, and proinflammatory cytokines.
Members of this family include the widely expressed JNK-1
(p46) and JNK-2 (p54), as well as the brain-specific JNK-3
(p49). Activation of the JNK cascade, which is dependent in
part on renal growth impairment, is considered as an important
intermediate of cell apoptosis. Recent study in rat renal devel-
opment by Omori et al. (39) demonstrated that JNK was not
detectable in the fetal kidney, became detectable at 7 d after
birth, and was most abundant in the adult kidney. Furthermore,
JNK was confined to tubular cells, collecting duct cells, and
glomerular epithelial cells in adult kidney. These observations
suggest that JNK may participate in the renal growth and
differentiation at a late stage of kidney development. In addi-
tion, it is tempting to speculate that JNK may be exerting a
growth inhibitory action.

We previously described that Ang II inhibition by ACE
inhibitor in the developing rat kidney increases apoptosis,
which may account for neonatal renal growth impairment (7,8).
We show here that increased renal apoptosis as a result of ACE
inhibition may be associated with strong JNK activation.
JNK-2 protein and phospho-JNK-2 protein expressions were
significantly increased by ACE inhibition, and especially in
immunohistochemical stain, JNK-2 expression was strongly
increased in the cytoplasm of the proximal tubular epithelial
cells. The immunolocalization of JNK in the proximal tubular
epithelial cells in the enalapril-treated group correlated with the
distribution of increased apoptotic cells by ACE inhibition in
our previous developing rat kidney study. These observations
show that JNK may be implicated to participate in Ang II–
related intracellular signaling pathways of renal apoptosis in
the developing kidney.

Another member of the MAPK family, p38 is also activated
by cytokines and cellular stresses and is thought to inhibit cell
growth and induce apoptosis. Although p38 has been impli-

Figure 5. Representative expressions of p38 mRNA and protein and phospho-p38 protein in the developing rat kidney. �, control group; u, enalapril-treated
group. (A) In semiquantitative RT-PCR, p38/GAPDH mRNA expression was not different between the two groups. (B) In immunoblot analysis, p38/tubulin
protein expression was increased significantly in the enalapril-treated group compared with the control group. (C) In immunoblot analysis, phospho-p38/tubulin
protein expression was increased significantly in the enalapril-treated group compared with the control group.

Figure 6. Immunohistochemical stains for ERK (brown color, black arrows)
in renal cortex of developing rat. (A) In the control group, ERK was mainly
expressed in distal tubular epithelial cells in the control group. (B) In the
enalapril-treated group, ERK expression was not changed and so was detected
only in distal tubular epithelial cells. (C) In a serial section from the same kidney
of the enalapril-treated group, the collecting ducts (*) were detected by dark-brown
staining with DBA. G, glomerulus. Bar � 0.1 �m. Magnification: �400.
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cated in apoptosis, some reports suggested that its expression
and activation correlated with proliferation rather than apopto-
sis in rat embryonic and developing kidney (39,40). They also
suggested that p38 in the developing kidney may have a role in
differentiation of renal cells. Contrary to JNK, p38 was pre-
dominantly expressed in the developing kidney with the high-
est levels in the embryo and became undetectable after birth
and was not detectable in the adult kidney. In the present study,
we found that p38 protein and phospho-p38 protein expres-
sions were significantly increased by enalapril. Also in immu-
nohistochemical stain, by ACE inhibition, p38 expression ap-
peared strongly in the proximal tubular epithelial cells that
were correlated with the distribution of increased apoptotic
cells by ACE inhibition. Thus, p38 may participate in Ang
II–related intracellular signaling pathways of renal apoptosis in
the developing kidney.

In our previous studies (7,8), TUNEL-positive apoptotic
cells were occasionally observed in the dilated cortical tubules,
and their actual numbers are counted 1.27 � 0.07 on 250 �
250-�m area. To determine whether apoptosis is involved in
the same tubules that highly express JNK and p38, we per-
formed TUNEL stains for apoptotic cells and immunohisto-
chemical stains for JNK-2, p38, and ATF-2 expressions in
serial sections from the same kidney of the enalapril-treated
group. In the enalapril-treated group, TUNEL-positive apopto-
tic cells were occasionally observed in some proximal tubular
epithelial cells in renal cortex, but JNK and p38 expressions
were even highly detected in the proximal tubular epithelial
cells. Contrary to TUNEL-positive apoptotic cells, JNK and
p38 expressions were more abundant and distributed through-
out the proximal tubular epithelial cells in the renal cortex and
were not restricted only to TUNEL-positive apoptotic cells.

ATF-2 has been postulated as an effector of JNK as well as
p38. Therefore, in the present study, to evaluate the functional
role of JNK and p38 activation, we determined the effects of
ACE inhibition on their phosphorylated transcription factor
ATF-2 in the developing kidney. In the enalapril-treated group,

similar to JNK and p38 expressions, the immunoreactivity of
ATF-2 was highly expressed in the proximal tubular epithelial
cells, and ATF-2 protein expression was increased significantly
compared with the control group. These results suggest that
ATF-2 participates in MAPK signaling processes that mediate
the renal growth impairment as a result of ACE inhibition.

Among the MAPK family members, ERK has been impli-
cated in protection against cell injury, and its activation has
been considered a sign of renal regeneration and protection
(41,42). The ERK1/2 pathway is generally but not exclusively
responsive to activators of both receptor tyrosine kinases and G
protein–coupled receptors. From a physiologic perspective,
ERK signaling has been implicated in mitogenesis and pro-
motes cell proliferation and differentiation. In rat renal devel-
opment, ERK was present in the kidney throughout the stage,
from the fetal kidney to adult kidney, and the location of ERK
expression was changed markedly during kidney development.
Also in the neonatal kidney, the location of ERK correlated
with the distribution of proliferating cells during kidney devel-
opment (39). In our present study, we found that ERK protein
and mRNA expressions are not changed in the enalapril-treated
group compared with the control group. Also, immunohisto-
chemically, the ERK expression was not changed and so was
weakly detected in some glomeruli and mainly detected in
distal tubular epithelial cells in both groups. In our previous
study (7,8), we also reported that ACE inhibition in the devel-
oping kidney decreased the renal cell proliferation, which may
account for neonatal renal growth impairment. In the present
study, although the change of ERK and phospho-ERK expres-
sion was not found in either group, ERK expression was
confined to the distal tubular epithelial cells, where proliferat-
ing cell nuclear antigen–positive cells were most abundant in
both groups of the previous study. These observations suggest
that ERK is thought to be involved in signaling processes in the
renal growth and proliferation but not involved in RAS-related
regulation of renal growth and development.

Figure 7. Representative expressions of ERK-1/2 mRNAs, ERK-1/2 proteins, and phospho-ERK-1/2 proteins in the developing rat kidney. �, ERK-1 in the
control group; u, ERK-1 in the enalapril-treated group; �, ERK-2 in the control group; �, ERK-2 in the enalapril-treated group. (A) In semiquantitative RT-PCR,
ERK-1/GAPDH and ERK-2/GAPDH mRNA expressions were not different between the two groups. (B) In immunoblot analysis, ERK-1/tubulin and
ERK-2/tubulin protein expressions were not different between the two groups. (C) In immunoblot analysis, phospho-ERK-1/tubulin and phospho-ERK-2/tubulin
protein expressions were not different between the two groups.
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MAPK families, especially JNK, are usually activated in
response to various cellular stresses. The long-term ACE inhi-
bition may have an effect on the renal hemodynamics, as a
result of hypotension, microcirculation, or local ischemia in an
in vivo model. In previous reports, there is no direct evidence
that enalapril-induced hemodynamic changes affect cellular
responses in the developing rat kidney (6,43). The effect of
antihypertensive drugs (e.g. enalapril, verapamil, hydralazine)
on growth during the neonatal period is limited to enalapril
alone, causing growth retardation in maturing kidney and heart.
Hence, a compilation of these results suggest that the cellular
actions of Ang II in the developing kidney are independent of
hemodynamic changes.

CONCLUSION

In conclusion, our data suggest that the expression of the
MAPK family is modulated by ACE inhibition in the devel-

oping kidney. Inhibition of endogenous Ang II production by
chronic administration of an ACE inhibitor to neonatal rat
seems to impair the renal growth, and, in this process, the
MAPK family may play a role in renal growth impairment.
Especially, JNK-2 and p38 expressions were activated in the
kidney of the enalapril-treated group, and their expressions
were strongly detected in the proximal tubular epithelial cells
in the enalapril-treated group. With regard to the correlation
between JNK and p38 expressions and the occurrence of
apoptosis, JNK and p38 may be implicated to participate in the
Ang II–related intracellular signaling pathways of renal apo-
ptosis in the developing kidney. However, the expression of
JNK and p38 was distributed throughout all proximal tubular
epithelial cells in the enalapril-treated group and not restricted
to apoptotic cells after chronic administration of enalapril.
These results suggest that the MAPK family plays multiple
roles in signaling pathways that participate in a variety of
cellular events beyond apoptosis during renal development.
Further studies are needed to look into the intracellular signal-
ing mechanisms involved in a variety of metabolic pathways
underlying cellular growth, differentiation, survival, and cell
death, which in turn control renal growth and development by
RAS.
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